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FOREWORD

In recent years, the development of varinus air cushion vehicles (ACV)
is drawing worldwide interest. In conjuncticn with the Navy's Sea Control
Ship Program, the military application of various air cushion vehicles is
steadily increasing. This study was initiated to provide the necessary
mathematical model of a selected vehicle for -:se in & training device for
the ACV.

Under the study contract, a mathematical model of ar Amphibious Assault
Landing Craft, (AALC), JEFF-B, developed by the Bell Aerospace Company was
provided. The six-degree-of-freedom equations of motion of the craft were
derived with respect to the pilot's seat. The techniques used in simulating
the craft's engines and system components were conventional. The technique
used in simulating the cushion dynamics was very sophisticated. The .odel
is suitable for real time digital computer activated training simulation.

This report contains three sections and two appendices. The first
section i3 intended as a general introduction to the mathematical modeling
problem and unique vehicle characteristics. Second section describes the
subsystems of the vehicle and their integration into the whole simulation.
The third section develops the algebraic model used for each component of the
simulation and the equations of motion. The appendices describe mathematical
details of the derivation of the vehicle-generated water wave elevations.

| Farg SR

HEI-HUNC YIH
Project Engineer
Naval Training Equipment Center
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SECTION 1
INTRCDUCTION
GENERAL DESCRIPTION

The mathematical model described herein is intended for use in a pilot
training simulator, It attempts to model the vehicle respenses 1o pilot
controls and external environmental inputs such as wind and waves as faith-
fully as can be done within the real time capability of digital computation,
The model is based on the description of the JEFF B craft given in Bell Aero-
space's Preliminary Design Summary Report, (PDSRj updated by verbal and
written information obtained as the vehicle construction progresses, The
capability exists of updating the model further as model and full scale test
information is received and as the vehicle hardware is altered. Bowever,
this model is not intended for design or engineering purposes. In many
cases, such as the cushion pressure model, the calculations are basead on
scanty experimental and analytical evidence that should not be taken for more
than what it is; namely, the best estimate we can make of the dynamic charac-
tersistics of the particular system, Extrapolation of such derivations and
curve fits fo other designs is not recommended. As further experimental
and theoretical work is done at Navai Ships Research and Development
Center and elsewkere, more refined procedures will undoubtedly become
available for various parts of the system, The model is broken down into
subsystems in such a way that updates are readily incorporated,

Many of the forces acting on the vehicle are curve fits to experimental
data obtained by Bell Aerospace and used in their calculations and preliminary
fan characteristics, and control forces. However, the basic dyaamics of the
vehicle, in particular the cushion pressure system and its interaction with
the water or ground surface has been developed by the Draper Laboratory
gspecifically for the purposes of this six degree of freedom simulation,

There are two ways a simulation problem of this type may be approached.
In most marine vehicle problems the user is interested in motions and ma-
neuvers made around some "normal" cperating mode. This leads to an
assumption of a basic cperating mode and expressions for perturbations in
geries form and, if the system is reasonably linear, it may be linearized
about the operating point and higher terms in the series expansion dropped.
If on the contrary large excursions from a basic operating point and a highly
aonlinear system are encountered, the perturbation approach leads to
difficuliies both in obtainiang the higher order terms and in including them in
a real time computational model. In such a case a second approzach may be
made inoorporating the basic physics of the vehiclz and environmental forces,
For this pilot training simulation large variations in speed, large accelera-
tions, large sidesiip, yaw and apparent wind angles, and jarge variations
ir. control and machinery forces must be anticipated. Moreover small
changes in vehicle state, particularly in changing ground clearance cr pitch
angle, result in highly nonlinear force characteristics with large coupling
effects between degrees of freedom. As a result, the more basic approach
of modeling the forces on the vehicle as a function of its present state and
recent history has been chosen rather than a perturbation approach.

l.
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The greatest difference between the Air Cushicn Vehicle and conventional
marine vehicle modeling is in the description of the air support system itself,
The cushion airflow and pressure characteristics grestly infiuence the motion
of the crait in all degrzes of freedom both by exerting direct forces on the
vehicle and by altering the machinery speed and water surface wave shape.
Much effort has therefore been devoted to a model for the cushion pressures
that is valid over the full range of vehicle states, The mathematical model
described herein tor cushion flow is fundamentally a low Mach number or
incompressible model, It assumes that variations in air density are small
in the system so that pressures are determined by fan and escape area
characteristics, The volume flow rate into any cushion must therefore be
equal to the escape rate plus the rate of change of cushion volume with time,
Initial calculations were made including the efiects of air compressibility
leading to extremely high frequency pressure oscillations in response to step
heave fcrce inputs, The frequency of these pressure variations is of the
order of ten times the natural frequencies of craft motion. Their incorpo-
ration in a real time digital model is not fezsible due to their high speed and
their effect on craft motion is small. Therefore, the compressible flow
model was dropped and further effort was devoted to refinement of the in-
compressible flow model, It should be stressed, however, that both these
numerical results and experimental data ¢« SES craft indicate that high
irequency pressure oscillations exist and can bave major impact on structural
and machinery design, They are filtered out in the present mathematical

model only because of the real time computational restraint and their small
effect on overall craft motion,

The cushion pressure system =ed on the Bell Aerospace PDSR. A
centrifugal fan on each side of the ve _le feeds the forward and aft cushion
compart ts through piping, bags, . ad boles. Total flow through the fans
of 21 x 10” cebic feet per second corresponds to a fan pressure of 133 psf
and a cushion pressure of 109 psf with a clea~ance of . 25 feet between water
surface and skirt hemline, At this conditior;, approximately 40% of the fan
cutlet air is exited through the thrust nozzles, aAs the vehicle approaches the
ground, clearance decreases, cushicn flow decreases, pressure increases,
and nozzle flow increases. 7To model these effects computationally system

characteristics have been pieced together from the Bell FDSR and analytical
assumptione,

The fan characteristics are derived from the Bell carpet plot shown in
figure 1, Since rpm is z variable in'the simulation, but a 3 dimensional
surface fit is considered wasteful of computer time, the fans are basically
fit with a parabola at 2000 rpm and assumed 1o follow the pump affinity
laws, Presssure is assumed proportionai to rpm squared and flow propor-

ticnal to rpm. The fan curves are therefore effectively non dimensionalized
based on their 2000 rpm performance,

Pressure loss between fan and cushion is assumed to be proportional to
the square of the flow rate to the particular cushion. Flow through the thrust
nozzle is assumed proportiona: to the square root cf the fan pressure,
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The most critical part of the cashion pressurc system is the delermi-
nation cf clearance Letween the hemline of the skirts and the water surface.
These clearances determine the escape area for cushion air and therefore
the stifiness of the vehicle in heave, pitch, and roll. As pointed out in the
Bell PDSR and confirmed by our numerical modeling, assumption of rigid
skirts yields heave stiffnesses far greater than experiment. The mechanism
appears to be that as the vehicle cpproaches the surface, the inwreased
pressure raises the skirt hemline, Therefore, the clearances do not close
as much as the vehicle moves down, However as the clearance departs from = °
the equilibrium value of , 25 feet, the vehicle stiffness increases dramatically,
as shown by the Bell experimental results ir figure 2. This highly nonlinear
behavior is evidently caused by limits to the amount of vertical skirt motion.

This behavior has been modeled by allowing the skirts to move upwards witk -
increasing cushion pressure, but limiting the motion to six inches,

Clearance between the hull bottom plating and the water surface is
determined at 35 points as shown ia figure 3. The points interior to compart-
ments are used for volume and rate of change of volume computations. The
points around the compartment periphery are vsec for determination of gap
size and skirt drag. “At each time step the height of the water surface due to
seaway and vehicle generated waves is computed at the thirty five points.
Over land the ground contour is used. The heights of vehicle zbove water,
skirt clearances, and skirt motiun are then computed. The relationship
belween compartment pressure and escape flow rate is then set up using a
discharge cocificient of 0.6. The flow input to the cushion from the fan must
correspond to the escape flow plus the change of compariment voiume with
time, If it does not, iteration is performed untii the correct pressures and
flow rates are achieved.

]
fiti

The fan flow rate and pressure lead to a poser absorbed by the fans.
This power plus that absorbed by the propeller on each side determines the
power and torque loading on the engine at its present rpm. If the engines on
a side are producing more torque than the fan and propeller absorb, ihe
shafting accelerates during the next time step. Engine torque, power, and
fuel rate characteristics are derived from figare 4 obtained from Bell
Aerospace. The inertia of the engines, shafting, fan and propeller system
cn each side is approximately 3.53 ft. Ibs. sec® as seen at turbine speed.

The interaction between water surface and vehicle is rather simgle
although the derivation of the water surface shape is exiremely sophisticated,
Pitch, roli, and heave forces are derived from the cushion pressures and
differences in pressures between cushion compartments. Drag, sideiorce
and yaw moments are derived irom the slope of the wave surface under each
compartment, and the pressure ir the compartment. Included in the com-
putation of skirt position is tre amount of skirt draging in the water, This
is used with an empirical drag coefiicient to derive skirt viscous drag.

= The computation of water levels beneath the crait is based on a super-
: position of waves existing before the craft arrived {the seaway and surf)
and the vehicle generated wave system. The seaway is made up of deep water
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waves traveling North offshore, As they approach the beach which runs
East-Wesg’., the waves gradually change length, height, and speed as a runction
of local water depth, When they reach very shallow water the waves gradually
"break", Their amplitude is reduced and reaches zero at the shore line,

The vehicle generated wave system is made up of waves caused by
the pressure distribution of the vehicle predominantly during its recent past.
The wave height at each point under the craft can be computed as the sum of
effects of pressure, position, and orientation over the last fifty time steps. .
This procedure is used for two reasons in this simulation modél, First, the
important output for craf* motion is the total height of the wave system under
the craft, The air escape and rate of change of cushion volume is dependent
on these heights and the forces on the vehicle result from the interaction
betvreen surface prefile and cushion pressure. The usual formulation using
wave drag and "added mass" loses this information entirely, The second
reason is that radical maneuvers with large accelerations and yaw rates are
anticipated, causing the usual perturbation expansions for wave forces {o be
inadeguate,

Other forces on the vehicle are derived directly from Bell PDSR nlots
and from their initial horizontal plane simulation, Thic includes curve fits
for aercdynamic forces and moments, propeller forces znd {orque, and
rudder forces,
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SECTION II
COMPONENTS OF THE SIMULATION
INTRODUCTION
This section raps out the subsystems comprising the AALC sima-

lation. A functional. breakdown is given and the relationship of the compo-
nents tothe whole is described.

FUNCTIONAL BREAKDOWN. The functional organization of the AALC
simulation follows figure 5. This simulation consists of essentially five
narts:

1. Effector and Control Simulation :
2. Ship Motion Simulation
3. Sensors Simulation ;
4, Mission Environment Simulation
5. Outputs to displays and motion actuators E

Effector and Control Simulation. The controls simulated are those available
to the pilot for maneuvering and propelling the ACV while on cushion, They
are:

1. The throttle levers determine the fuel rate to each turbine ordered
by the pilot. There are six of these levers, one for each turbine gas gene-
rator. They are referred to in the Bell literature as Ni control, for gas
generator rpm coniroi. In this model these settings are referred to as
NiDES (1~---6), the 6 values of desired gas generator rpm. These values
are input to the engine simulation of turbine speed and power. {tem 6 in

figure 5.)

2. The power turbine output shafts are linked for the starboard three
turbines. Therefore, only 2 controls are required for turbine shaft out-
put speed regulation. These two levers, referred to in the Bell literature
as N2 cortirols, are effectively variable governors. They represent the
maximum speed the pilot wishes the output shafts to turn. Of course if the
torque loading is too high for the turbines tc reach that speed at the present
N1 throttle settings, the N2 control is ineffective. If the N2 control setting
is exceeded, the throttles are shut down until the desired N2 is reached. In
this report the N2 control is referred to an N2GOV (1, 2), the desired upper
limits to starboard and port turbine power output shaft speeds. (Item 6 in
figure 5.)

3. The rudder angles are controlled by foot pedals. There are rudders
behind each of the propellers, however, they turn simultaneously. The -
ordered rudder angle is referred to an RCONT in the simulation. (Item 23
in figure 5.)




T T T L e e A T T T L TR PSRN VTR TSR
e A_A__A,.M_J,”,__H_“.’._<ﬂ“ﬁ,ﬁ‘ ,Ka__;__“_,.__ ,;“_;__,_::.:. DTN A o ) ITh ‘ Iy R WA e LG
A i) IR s ﬁ%ﬁ%%%ﬁé%%.%&%;33&..25,gézégazs..z
B ;, uf - ]
| ) , . | .},‘, .
;_? L
SUNTIOBIOJU] USNAG pBOIg -~ UOPBIMIMS ADV °*g axmiry
—— _
SIONMD $39404 .
WIHINON NIV WOEEIS
0 ) [T
» 2 3 Y A
L] = :
NOLNHINASIO
NS5 Iud
HOIMEND
[}
3
]
MIYINT
avo iy
)
7 ¥ &
@
[
..4.. I
39004
n.v SINYHAD MY
[ . )
[ o] 3! o
WA ]
m 32 foun
m NOUYLS
4 WYHAQ R0
= ' ix
wIs
2 "
W L o e i
g o
4
-
1K hwotd \ [1
T4
vae
i— &)
; [
Liindiin SN0 ‘
Kuens wv WNLNGD . _ N e M- HOLYYIOWS 34w ,
n 3 4 L4
- (oo
TOMINGD S oNnew PO \
WNOLLIGWO NORVWOUd AW
3 [} ¢
T T Sy Bt e T e e LI 150 o 00 LU e DT U R L PG Bl R O e bt pry st b eor st i eyl sty




v e——— e o
R e e R Y n e = S e PN ARNOA S-St et i . e
= c=ipas S e g =7 SR Lgs'rgs% S =i cumm e - B A et e nae

NAVTRAEQUIPCEN 73-C-0138-1

4, The thrust nozzles are con*roneg by two cabin controls. The pilots
- steering wheel rotates from -30° to +30°, This angle, called ASTEER in
5 the simulation controls the thrust nozzle angle through a 180° range. The

RERT T TN T R
[y . R

other control, called SWI'I;CH, is a Boolean switch. If its value is negative;
the nozzles push within 90~ of ahead. If positive the nozzles push within
90° of aft. (Items 6 and 23 in figure 5.)

5. The propeller blade pitch control is by levers for the starboard and

. port propeller-. The controls are referred to as 8 control in the Bell liter-
ature. In this report the propeller pitches commanded by the pilot are called
APROP (1, 2), ordered blade pitch on the starboard and port propellers.

- (Iitem 6 in figure 5.)

AR SRR N 1011 BT

W

The effectors cause forces and moments on the vehicle which depend
on their state, their conirol, and their environment. The effectors simu-
lated are as follows:

1. Propellers. The propeller thrust and torque as a function of rpm,
pitch angle, and inflow velocity are curve fits based on the Bell preliminary
horizontal plane simulation., (Item 7 in figure 5.)

YA PO e 7 e e

2. Rudders. The rudder forces and moments as a function of rudder
angle, propeller slipstream velocity, and vehicle velocity are curve fit
— based on the Beli preliminary horizontal plene simulation.(Item 24 in

i3 figure 5.)

3. Thrust Nozzles. The forces and moments exerici oa the vebicle by
the thrust nozzles are derived from the effiux of momentwun in the nozzle
air discharge.

4. Engines and fans. The engine and fan characteristics are derived
from data in the Bell PDSR. (Iitems 7 and 26 in figure 5,)

Ship Motion Simulation. The mathematical formulation of the equations of
motion (Item 8 in figure 5) of the vehicle is in standard form for ship mo-
tion and maneuvering computations. However, the determination of the
hydrodynamic forces acting on the vehicle due to its state and motion is

- vastly different from displacement surface ship analysis. The two basic
reasons for this are: i:

) 1. The ACV is supported by a cushion of air whose pressure is a function
of the motion as well as fan and powering system dynamics. Therefore,
relatively simple hydrostatics calculations which determine equilibrium
conditions on a displacement vessel are replaced by a sophisticated pump

and flow problem. This problem includes variable system geometry since
both the seals and the water surface deform in response to cushion pres-
sure changes.




NAVTRAEQUIPCEN 73-C-0138-1

2. The hydrodynamic interaction »etween vehicle and water surface
is via a boundary condition on pressure rather than on normal velocity. -
Although this fact simplifies the mathematics of computation of the wave J
system and its interaction with the vehicle, it does not allow the use of the
mathematics and empirical data developed for hydrodynamic exciting forces
and restoring forces on displacement surface ships. The forces due to the
water surface and cushion air system are therefore derived from the inter-
action between cushion fan and flow relations and the water surface profile.
The water surface at each point is the sum of the wave height caused by the
vehicle’s pressure distribution, the vehicle generated waves, and the wave
height present when the vehicle arrived, the seaway. If the vehicle is over
land, the wave height calculations are skipped and the land elevations used.
(item 1 in figure 5.)

The seaway is composed of sinusoidal components in deep water
running Norih toward the beach which runs Fast-West (Item 2 in figure 5)
As the waves approach the beach they gradually shorten, slow, steepen,
and finally break. Values of the wave height at 35 points beneath che vehicle
are continuously geperated to input to the ship forces and motions. The
seaway model is incidently capable of genersting wave heights at any other
point relative to the vehicle, if computer generated TV simulation of so
complicated a picture should become feasible. At present, optical tzchniques
are anticipated for the visual simulation.
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The vehicle generated wave system is calculated by integrating the
waves generated by the craft!'s moving pressure distribution over the last
fifty time steps. This is perhaps the most technically challenging aspect
of the simulation, and a large part of this report is devoted to its derivation
and use. The waveheights generated by this mather~atical model (item 3
in figure 5) are input to the wave calculation.
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The wave calculation (Item 4 in figure 5.) adds the wave heights due
1o seaway and motion to give the water surface profile under the craft as
a function of time (Item 5 in figure 5).

The computation of cushion pressure forces on the vehicle (ltem 19
in figure 5.) is simple, although the computation of the pressures is com-
plex. Given the pressures in each cushion and assuming uniform pressure ~
in each cushion, the hcrizontal plane forces and moments are given by the
pressure and differences in wave height at the skirts. The vehicle is effec~-
tively climbing water hills, The analysis is identical ashore, except that -
the ground does not deflect in response to the vehicle motion. Heave, pitch,
and roll excitation is derived from the cushion pressures and planform
areas of each compartment.

B

Air Cushion System Simulation. The dynamics of the fans, thrust nozzles,
cushion compartments and skirts make up the air cushion system model. The
pressure in each compartment is determined by finding an =quilibrium between
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the cushion-skirt pressure and flow characteristics which are functions of
the skirt gaps and vehicle motion, and the fan curves, which are a functicn
of pressure, flow, and fan rpms. The fan curves and ducting are derived
from the Bell PDSR (Item 26 in figure 5). The seal dynamics (Item 16 in
figure 5) combine with the vehicle attitude and wave heights fo produce the

skirt gaps (Item 15 in figure 5).  The fan and skirt gap pressure flow rela-
tions are combined to find the pressure in each cushion (Item 18 in figure 3).
These pressures and flows are used o determine nozzle thrusts and intake

air momentum drag (Item: 20 in figure 5) as well as the forces due directly
to the pressure distribution (Item 19 in figure 5).

Sensors Simulation. Sensors of ship motion and external environment
avaiiavle to the pilot are included in the mathematical model and output at
each time step for DfA conversion. Tkese sensors include:

1. Heading Angle. Rotation clockwise from North is integrated from
the equations of motion and is called X(8) in the simulation (item 9 in
figure 5).

2. Abhead speed is output in feet per second irom integrations of the
equations of motion in the boat coordinate system. Small piich angles are
assumed and this value is not corrected for pitch. It is called XD(1) in
the simulation (tem 1€ in figure 5).

3. Sideslip speed is output in feat per second from integration of the
equations oi motion in the boai ccordinate systens. Roll angles are assumed
to be small and this value is not corrected for roll for the indicator input.

It is called XD(2) in the simulation {Iitem 10 in figure 5).

4, A height above water transducer is assumed atiached to the hull
bottom plating at the center of the ship. This measurement is avaiiable
with height values at 34 other points from the simulation if needed, It is
called HOW(8) in the simulation (Item 5 in figure 5).

5. Roll Angle. The angle of roll as seen in the ship's coordinate
system is integrated from the equations of motion. It is called X(4) in the J
simulation (Item 9 in figure 5).

5. Pitch Anrsle. The angie of pitch is integrated from the equations of
motion and is called X(5) in the simulation (item 9 in figure 5;.

7. The angle of the rudders is calculated as output from the rudder
control (Iitem 23 in figure 5) and is called RANGLE in the simulation

8. The thrust nozzle angles are also calculated as output from direction-
al contrcl (Item 23 in figure 5) and are called PSI :n the simulation.

13
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9. The velocity of the wind relative to the boat is calculated from the

input wind and the craft horizontxl plane velocities (Items 13 and 12 in

figure 5). It is called VA in the simulation. At the same {ime, the appar-
- ent wind angle, clockwise from the bow, is output. it is called ABETA.

10. The propeller pitch angles are output from the propulsion control
logic (Item 6 in figure 5). They are called BETA(1) and BETA(2) in
the simulation for starboard and port propellers.

i1. The values of gas generator rpm are ouiput from the propulsion
forces calculation (Item 7 in figure 5). N1(2), N1(2), and N1(3) are the
values for the starboard side turbines and N1(4) to N1(6) are the port side
spzeds. All engine calculations are done by a subroutine called ENGINE.

byl

12, The values for starboard and port power turbine rpm are also calcu-
lated in the propulsion forces section {Item 7 in figure 5.) They are called
N2(1) and N2(2). These port and starboard power turbine speeds may also

be used to indicate fan and propeller rnms since they are connected by gearing.

13. The fuel flow rates in galions per hour cutput from the propulsion
forces section (item 7 in figure 5). They are diractly related to N1(1---6),
the gas generator speeds. They are called GPH(1} to GPH{6). The time
integral of these rates gives total fuel used.

[T,

otudt s o b

Mission Environment Simuiation. The mictions and maneuvers of the craft e
are calculated from the equations of motion in a vehicle fixed coordinate
system with origin at the pilot. However, the environment external io the
vehicle is expressed in an earth fixed coordinate system with origin at the
shoreline. These systems and their relationship are described in Section IV.
The seaway and suri, the land, and the wind make up iie external environ-
ment inputs to the vehicle. It is assumed that the sezway is made up of
sinusoidal waves offshore which are combined with the vehicle-generated
wave system to model the total height of the water beneath the craft. The
steepening and breaking of the waves as they approach the beach is modeled.
Over land the seaway and wave caiculations are omitted and ground eleva-
tions used directly. The wind velocity and direction are input to the
simulation.

14
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NAVTRAEQUIPCEN 73-C-0138-1
SECTION 1

MATHEMATICAL MODEL

INTRODGCTION

The mathematical model is intended for implementaticn on a Sigma 7
digital computer at the NAVTRAEQUIPCEN in Orlando, Florida. Digital
to analog, and analog to digital inierfaces exist for motion, controsl and sen-
sor simulation. As the model has been developed, it has been programmed
in FORTRAN IV and run on the Draper Laboratory IBM 360. It is assumed
that this program will be of use to the simulation programmers. ¥ shouid
be pointed out, however, that it was intended as a test of the mathematical
model as the pieces were developed znd nc attention has been paid to effi-
ciency or rurming time, It is part of a mathematical rather than a pro-
gramming task and was written by engineers rather thar programmers. The
real programming task, therefore, remains to be done.

EQUATIONS OF MOTION.

BASIC ASSUMPTIONS., The equaiions of motion for the ACV simulation are
the standard six degree of freedom equations used for ship motion and con-
trol analysis. They are fully derived in the standard Naval Architecture
texts, the most complete being Stability and Control of Ocean Vehicles by
Martin A, Abkowiiz, MIT Press 1969, For ACV modeling purposes the
origin of coordinates is {aken at the pilot location since that is the point of
interest for the simulation. Pitch and roll angles are assumed small and
the appropriate linearizations made in trigonometric functions of these angles,

The water and land surface are of course developed in an earth fixed
level coordinate system with the vertical axis truly vertical. This creates
sligin mismatches between heights on the vehicle and ground or water ele-
vations. However, for small roll and pitch the errors are negligible and
not worth the computer time to correct.

Coordinate Transiormations. The two coordinate systems employed for
the simulation and the relationship between them are described below:

yod
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Definition of Terms

esy, es,, es,

801, 802, 803

xl, xz: ):3

X0,, X0,, X0y

X X xS
XS1cr *Sa¢” 53¢

FT

\‘qw" ‘

unit vectors forward, io starboard, and -

down on the crait,
unit vectors North, Fast ard down.

distances from ship based origin (Pilot
cabin} in es;, es,, eSa.
distances from earth fixed origin {shoreline

at mean sea level) in EI’ 2'32, 363,
first and second time derivatives of xj .

time derivative of xni .

- e

rotations about E%'l, EEZ, 53 axes. (roll,
pitch, yaw) Xe is the heading angle measured

clockwise from North., x, and x5 are assumed

4
small.

mass of vehicle,
moments of inertia, assumed to be principal

moments, about &1, Efg, e_s's axes at ship

based origin.
acceleration of gravity. -

position of center of gravity in ship based
coordinates.

jth component of total force vector acting on
vehicle exclusive of gravitational forces which

are included in the equations of motion.
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NAYTRAEQUIPCEN 73-C-0138-1

Coordinates

The transformation from earth to ship system is defined by:

es; = 'I‘SOi‘i 903. (1)
e()j = TSOij es; (2)
Vhere,
'I‘SO11 = COS :i:{5 TSC)12 = sin x6 § 'I‘SO13 = —xo
. ) _ { I _
TSOzI = -sin x¢ I‘SO22 = €Os xg 13023 = Xy

'I‘SO31 = Xg cr;sz:6 +x4smxs '1‘5032 = Xg sinxg -x, COSX¢ T8033 = 1.

The location of a point p whose location on the ship is defined by XSy, XSy, XSg
relative to the pilot cabin is therefore expressed as follows in navigational

coordinates:

Xo, +Xs

8
=)
(B

[}
pouk

§ COS Xg - XS, sin Xg +Xxs4 (xs cos x + X4 Sin xs) {3)

sin Xg +Xs, cos Xg + xsg (35 sin X =X,y cos x.)

6

o]

2
X0 ., = X0, - XS, xX_ - XS_ x, + XS,
3 3 175 2 3

i3 xs, and xS, > XSq
xopl = x04 + xSy COS X¢ ~ XS, sin Xg {4)

X0

{3

+ x5, Sin x,. +XS_ €cOS X
X0g T XSy 6 S Xg

p2 2

X + XS,.
Op3

= XOS-XS X5+X52X4 3

1

Rl
{
!
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Equations of Ifotion. The equations of motion are integrated using Euiler
intégration, The acceleration of the pilot location is represented by:

2

+X6i

X, X

- - . _ ‘
= TF 2y - < 2
TF xz/v-_mss XX, + 3 3 XS, i

P ————

- - - -

-3 - X X&_ IX X_+
3{5) XS}C\ X 3¢ 4}&5

u::_,:}c6
- 2 .'2 '-
(x6 -I&S )‘J /'\’11

il

-X§_i-"i- 7.«’-
6 XSI\C\SZSX

L R

x X& X X
c 5 4
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.: . N L4 L4 ‘ ) l ) ‘ L g . - ) . .
)x() 'I‘FX6 X4X5 (VIZ VI” VMASS {XSIQ(X2 + Xé}(1 X4X3)

X3 - X6X2) +XS3C x Xslc (X6X5 - X4)

2

- +
XS c (X1 X5

.. AN
- XS, xXS, (X X, +X.)+XS xXS, (X" -X, )‘ /VI3

The integration proceeds as follows:

=X
DUMN N

..

XN= XN +XN At

f !

+0.5 IDUMN+XNfAt'

N

For the pilot location in navigational coordinates: {For navigational

purposes heave velocity contributes negligibly to location)
S
e

sin (X6) — sine of heading angle

cos (XS) -~ cosine of heading angle

X01= X1 x C6 - X2 x 86 ~ North pilot velocity

X02= X1 X 56 + X2 x C6 - East pilot velocity

X0, = XO1 + X0

i At -+ New pilot North of start,

1

XOZ = XOé + XOzAt ->» New pilot East of start

HPXOIN = XOI + HPXSIN e C6 - HPXoZN x S6

- New North location of position Non hull for determination of
seaway height.
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The following characteristics and their values used at present are below:

VMASS mass of vehicle 10879, 5 slugs

X1sC X location of cg -30.0 feet

X28C Y location of cg ~18, 0 feet

X3SC Z location of cg + 8.0 feet

CSKRT skirt stiffness parameter 90,0112

TC skir{ reaction time 8.0

ISYS moment of inertia of rotating machinery 3.533

XIR X location of ruduers -67,1 feet

X2R (1, 2) Y location of starboard, port rudders -4, 0 feet
-32, 0 feet

X3R Z location of rudders 0.0 feet

XIN X location of nozzles -23, 16 feet

X2N (1, 2) Y location of nozzles -0,25 feet, -35. 75 feet

X3N Z location of nozzles -~3.0 feet

X2P (1, 2) Y location of propellers -4.0 feet -32,0 feet

X3P Z location of propellers 0.0 feet

VWIND Wind velocity 34.0 feet/sec

AWIND Wind direction

RHO density of air 0. 00237 slugs/ft>

\'28! vehicle moment of inertia. about 1 axis = 5,672 x 1()6

vI2 vehicle moment of inertia about 2 axis = 1,629 x 10"

VI3 vehicle moment of inertia about 3 axis = 2,057 x 107

X01 initial location of vehicle pilot (North) - feet

X02 initial location of vehicle pilot (East) - feet

SCAREA rlanform area for windage = 3200 ft2

FCAREA frontal area for windage = 836 ft2

LCUSH length of cushicn = 77 ft

AE duct area = 123 ft°

DIA duct diameter = 11,25 ft

CHORD duct chord = 4,67 ft

RSAREA rudder (lifting area = 47.2 2

20
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NAVTRAEQUIPCEN 73-C-0138-1

SDOLD (1---27) - initial skirtdepths - 4. 5 for periphery, 4.0 for dividers
PFAN (1---4) initial fan pressures - 300 psf

QFAN (--- ) - initial fan flows - 7000 ft°/sec
initial flow under skirts - 3000 £t /sec per compartment

. QOC (1---4) -
PGC (1---4) - initial cushion pressure - 109, psf,
O
D)
£/
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Forces on the Vehicle. The force and moment components on the
vehicle are expressed as follows:

TFX1 = 'Z[‘}?ROP1 + TPROP2 - ('I'NOZ1 + TNOZz) COS (PSI) {9)
+ RDRAG + XBDRAG + XMDRAG + WDRAGX + SDRX + XGRAV
TFX2 =- (TNOZ1 + 'I'NOZz) SIN (PSI) + YBDRAG + RLIFT + YMDRAG
+ YDUCT + WDRAGY + SDRY + YGRAV
TFX3 = FX3CT + ZGRAV
TFX4 = FX4CT +ROLLA + ROLLMD + ROLLD + SIN{PSI) (TNOZ1
+ TNOZZ) X3N + WMX4 + RROLL + KGRAV + SDRR
TFX5 = FX5CT + PITCHA + PITCHM + RPITCH - COS (PSI)
(TNOZ1 + TNOZZ) X3N + (T}"B‘OP1 + ’.!.‘PROPz) X3P
+ WMX5 + SDRP + MGRAV
TFX6 =-SIN (PSI) (TN021 + TN022) XiN+ COS (PSI) ('I‘NOZ1 X XZNl
+ 'I“NOZ2 x X2N2) - X2P1 X "I‘PROP1 - X2P2 X 'i‘P}.'{OP2
+ YAWBD + YAWMD + YAWD + RYAW + YAWDC
+ WMX6 + SDRYM + NGRAV
where,
TFX1--- _ o s . -
=Total fcrce and moment components in directions X, to X
TFX6 1 6

TPR OP1 9 =Propeller thrusts

TNOZ =Nozzle thrust

1,2

PSI = Nozzle angle

RDRAG = force on rudder in es, , direction (normally negative)

Rt Yoo 740 E W
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XMDRAG

XBDRAG

WDRAGX

SDRX

YBDRAG

RLIFT

YMDRAG

YDUCT

WDRAGY

SDRY

FX3CT

FX4CT

ROLLA

ROLLMD

ROLLD

X3N

WMX4&

NAVTRAEQUIPCEN 73-C-0138-1

Force due to intake air momentum change in ?31

direction (normally negative)

Aerodynamic force in é’s’1 direction (normally negative)

op—
Force due to wave-cushion pressure interaction in es,

(normally negative)

Skirt drag force in es; direction (normally negative)

Aerodyanmic force in §§2 direction

Force on rudder in es 2 direction
Force due to intake air momertum change in €§'2
direction

Force on ducts in 673"2 direction

Force due to wave-cushion pressure interaction in es
direction

2

Skirt drag force in 'é'é’z direction
Force on vehicle due to cushion pressure in 553 direction

Moment on vehicle due to cushion pressure in roll
direction

Roll moment due to aerodynamic forces
Roll moment due to intake air momentum change
Roll moment due to duct side force

Vertical position of nozzle

Roll moment due to wave-cushion pressure interaction
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SDRR

FX5CT

PITCHA

PITCHM
RPITCH
X3p
WMXS
SDRP
YAWBD
YAWMD
YAWD
RYAW
YAWDC
WMX6
SDRYW

RROLL
XGRAV
YGRAV
ZGRAV
KGRAV
MGRAV

NGRAV

NAVTRAEQUIPCEN 73-C-0138

=Roll moment due to skirt drag

= Pitch moment due to cushion pressure

= Pitch moment due to aerodynamic forces

= Pitch moment due to intake air momentum change

= Pitch moment due to forces on rudder

- Longitudinal position of propellers

= Pitch moment due to wave-cushion pressure interaction
= Pitch moment due to skirt drag

= Yaw moment due to aerodynamic forces

=Yaw moment due to intake air momentum change

= Yaw moment due to duct sideforce

=Yaw moment exerted by rudders

=Yaw damping coefficient

=Yaw moment due to wave-cushion pressure interaction
= Yaw moment due to skirt drag

= Roll moment due to rudder forces

Gravity force in es 1

direction (-mng)

——

Gravity force in es,

Gravity force in es,

Gravity moment in e‘s‘4 (ZGRAVXX2SC-YGRAVxX3SC)

direction (mgX 4)

direction (mg)

1]

Gravity moment in és_s (XGRAVxS3SC-ZGRAVxX1SC)

Gravity moment in e“'s'»; (YGRAVxX1SC-XGRAVxX3SC)
24
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NAVTRAEQUIPCEN 73-C~0138-1
MODELING OF EFFECTORS AND CONTROLS
EFFECTOR CONTROL LOGIC. Angle Control Logic. For controls acti~

vated by the pilot the routine STEER is used to compute the response to
pilot input., STEER works as follows:

INPUT
¢, C A "t

1
DUM= 1.1 X A X &t

v = PRESENT POSITION OF DEVICE
C = ORDERELD POSiTION OF DEVICE
A = VELOCITY OF DEVICE

at = TIME INTERVAL

YES iS NO
¢ — Cl < DUM
¢=C sy = Aat
IFc<y
_ RETURN sy =— 2y
y=y+ay
RETURN

T-e actuator ( ¥ ) movec toward its ordered ~ocition (C) at rate (A).

The nozzle angle PSI is cont%olled in tgvo modes. If the mode SWITCH is
positive, angles between ~-90 and +90 are intended, and the thrust is aft.

lsow BOW
swiTcH + T~ SWIT 57 THRUST
H+ CH - /
—90° / 90° 270° \ 90°
,” STARBOARD
\!_.
THRUST
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If the mode switch is negative, angles between 90° and 270° are intended, and

the thrust is forward. The ordered control, besides swiich, is the steering N
wheel, which operates between -30° and +30°. The steering wheel angle is J
ASTEER. When SWITCH is positive 3 x ASTEER is the ordered angle. When

SWITCH is negative, 3 x ASTEER + 180° is the ordered angle. The logic is

kandled by a dummy variable PS which represents the nozzle angle P<i in the

SWITCH + mode, and the nozzle angle less 180° in the SWITCH - .aode.

Therefore, the logic is:

PS = PSI ' o (11)
If SWITCH is negative, PS = PSI -180
call STEER (PS, 3 x ASTEER, ACONST, DELT) A

If SWITCH is aegative, PSI = PS + 180°

ACONST, the angular velocity of the nozzle, is 50°/sec.

For the rudder angle RANGLE, the input from the pilot is RCONT,
the desired rudder angle from the foot pedal controls. STEER is called with:

(RANGLE, RCONT RCONST, DELT). RCONST, the
rudder rate, is 30°/sec.

For the propeller pitch angles, the input from the pilot is APROP(1)
and (2), the starboard or port pitch lever positions STEER is called with:

;;, (BETA (N), APROOP (N), PCONST, DELT), PCONST, the -~
s pitch rate, is 20 [sec.

f Machinery Control. Variable definitions:

-

e NIDES(1) --- N1DES(6)— Desired gas producer control rpm
set by pilot on each turbine.

L

4 B
ity ity it
Sl h

NZGOV(I) ——- NzGOV(Z)—» Maximum power turbine control rpm
set by pilot, starboard and port.

u

- N1(1) --- N1(6) Actual gas producer rpms on each ;
N2(1) --- N2(2) - Actual power turbine shaft rpm, star- -
= board and port. E
E SiCON — Time ccinstant of N1 contrel (input, ‘
.3sec ) 2
SZCON— Time constant ?f N2 governor control

; (input, .5 sec ).

26
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Machinery Control Logic. The pilot controls on the turbines consist of a
desired fuel flow rate on each turbine (N1DES) and a goveraing (upper limit)
control on the starboard and port power turbine output xpm (N2GOV). If
N2GOV is exceeded the corresponding fuel retes are decreased.

&

Logic J = 1 {for starboard side), n
J = 2 {for port side), n

=8

N2, < N2GOVj (12)

N1_=N1_+SICON |NIDES -N1 7At
n n n n

if sz 2N2GOVj

N1_ =N1_+S2CON |N2GOV_ - N2_jAt.
a n n n

Propeller Modeling. The thrust and torque characteristics of the prop>2tises
are based entirely on the Bell horizontal plane simulation. This is described
in their Preliminary Design Summary Report, appendix to paragraph 2.2.2,
"Three-Degree-Of-Freedom Maneuverability and Control Simulation,” Many
of the effector and control descriptions in the present mathematical model are
taken from this Bell Aerospace simulation. In the notation of the present
simulation:

fﬁw
@nw}

For propeller thrust:

f B520.0  1ppopj - |338. B3 + 4.36 Bi°-0.1715 X WiND® - 1.43 gj XWIND]

|wpROP;/ 1250| 2 (13)

A1 <0.0 TPROPj = [60.6j - .1715X wmp?|  |wprOPj/ 1250)%.

For propeller power:
- ifﬁjz:o., C1 =0.0

if Bj<10., Ci-= 50{XWIND/127.5! !10 - BJ}

HPROPj = (NPROPj/1250.)°. [450. +23.05 Bj + 2.56 B3° +C1] (14)
5 where
' Bi = Pitch angle of propeller j
3 = 1 for starboard, 2 for port
TPROP. = Thrust in pounds on propeller j
5 XWIND? = Apparent head wind velocity

27

PRI




To. D "g_.‘n'ﬂﬁme+_ 75 — TR

T e

"‘;‘r SXEas St
o e e e e e

NAVTRAEQUIPCEN 73-C-0138-1

NPRGP,
3

= RPM of prcpeller j
HPROPj = Horsepower absorbed by propeller j.
The forces and moments exerted by the propellers are:

2

in ES, direction Y. TPROP, (15)
j=1 !
2

in yaw direction - L‘PROPj x X2Pj.
i=1

Thrust Nozzles. The thrust exerted by each aozzle is derived directly from
the momentum: flux of the air exciting from the nozzle. The effect of rela-
tive wind velocity on this force is considered small.

moz:i = 2.44x 10'4QNoz§ (16)
where

TNOZ = Thrust in pounds on nozzle j

i = 1 for starboard, 2 for port

QNOZj = Flow through nozzle j (ft/sec).

The flow through the nozzle is obtained directly from the fan pressure:

3

QNOZJ. = =346. ~/IPFAle €gn (PFANj) (17)

where

PFANj is the pressure developed by fan j in psf.

g
==
b=
=
=
=7
=
=

Rudders. The forces exerted on the rudders are based on the Bell PDSR
simulation. First, the velocity at the rudders including vehicle motion,
effect of the ducted propellers, and wind must be found. The square of the
axial velocity at rudder j is:

I TPROPJ. 20

ity

g

(VA cos Baa)® + TPROP,/(#Ak) (18)

BT

VDUCTZJ_

If TPROPj < 0

AR e

VDUCT2; = (VA cosBaa)® + TPROP,/(2PAE)

28
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Apparent wind velocity in ft/sec

0 i
. Baa Apparent wind angle in radians

TPROP. = Thrust on prepeller j
i 3 = 1 for starboard, 2 for 3port 3:
= 2ir density in ilugs/ £, e
AE = Duct area in ft~ (123 ft7).
. The dynamic pressure available at the rudders is then :
PDUCT, = 1/2 PVDUCTZ.. (19) :

The rudder liit and drag coefficients for a rudder angle, RANGLE (in degrees)
are:

ik T
L i Ly i

.053 RANGLE
.02 +.422 x 10”3 RANGLE

v
by

T

CLIFT
CDRAG
in the small angle of attack range, Stagnation is assumed to occur at 20°:

9 (26)

(1]

If RANGLE >20°, CLIFT = 1.06.
The longitudinal and side forces due to the rudders are then:

RDRAG

-CDRAG x ESAREA x (PDUCT 1+PDUC'.1'2) (21)

RLIFT CLIFT x RSAREA x (PDUCT +PDUCT2)

1

where RSAREA is the rudder area (47.2 ftz).

Due to the location of the rudders relative to the pilot location origin yaw,
roll and pitch moments are developed:

o A A AN Ao 11yl kb
. . -

RYAW = CDRAG x RSAREA (X2R1xPDUCT 1+X2R2
x PDUCTZ) + X1R x RLIFT
RROLL = -X3R x RLIFT

RPITCH = +X3R x RDRAG.

29
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FAN TOTAL FLOW Q {5/s
{IN THOUSANDS)

Figure 6. Fan Performance

30

TCTAL EFFICIENCY — %
"xm i BB 1 H 1
800}
600F 5 _ 100°F
—O-DESIGN POINTS FOR HOL. 0.25 ft
270}
o
2
] 200}
) FAN SPEED 1600 CRAFT WEIGHT
3 (r/min) 1500 337,000 Ib
b 1400 307,000 Ib
> 1500 225,000 1b
L 1200 -
& go}f 1160 , 150,000 Ib -
'y }9- 1000 S anuy g e
E < 60} ~Y
: = 300 & -
z 00 L.
H w 40} ik
' 20} R
x
10 1 - L 1 i | [l 1 f
1 2 4 6 8 10 20 0 60 80 100




A

WY T
L

iy Kb
G

NAVTRAEQUIPCEN 73-C-0138-1

Engine Modeling. Basis of Model. The turbine characteristics are based on

the Bell Aerospace data shown in figure 6. A curve fit is used to find the
optimum power turbine rpm, N, for gas generator rpm N.. The gas gene-
rator rpm N_ has been set by turbine control, as shown above. The shaft
horsepower generated at optimum N_ is found from a curve {it to figure 6 and
the actual shaft horsepower from a parabolic fit to the off-optimum loss for
the actual N.,. The torques required by fans and propellers are then com-
puted at turbine rpm N, and the torque put out by the turbir:. s compared

with that absorbed. Any excess accelerates the system.

Variable definitions.

N1(1) ~-- N1(6) - Gas generator rpm on each turbine. Turbines
1 to 3 are starboard.

N2COPT(1) ~-- N2OPT(6) —Optimum power turbine rpm N2 for each
turbine N1i.

SHPOPT(1) --- SHPOPT(6) —Horsepower generated by each turbine if
operated at optimum N2,

SHP(1) --~- SHP(6) —Actual horsepower generated by each turbine.
GPH(1) --- GPH(6) —~Gallons per hour of fuel used by each turbine.
ETCR(1) --~ ETOR(6) —Torque produced by each turbine in foot pounds.

TETOR(1) --- TETOR(2) ~~Total turbine torgue, starboard and port.

N2(1) --- N2(2) ~Power turbine rpm. N2(1) is starboard, N2(2)
is port.
n, j --Dummy index variables. For enginesn - 1.2,3

are starboard and correspond to j=1. n=4,5,6
are port and correspond to j=2.

NFAN(1) --- NFAN{(2) --Starboard and port cushion fan rpm.
NPROP(1) --- NPROP(2) —-Starboard and pert propeller shaft rpm.

HPFAN(1) --- HPFAN(2) -—Starboard and pert power absorbed by cushion

fans,

PFAN(1) --- PFAN(2) --Starboard and port fan pressures from cushion
air dynamics.

QFAN(1) --- QFAN(2) --Starboard and port fan sivflows from cvshion

air dynamics.
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NETAF —Fan efficiency.
TNOZ(1) --- TNOZ(2} - Thrust from nozzles,
BETA(1) --- BETA(2) — B, propeller pitch angle in degrees.

XWIND -»Relative head wind velocity in X direction
from Main program.

TPROP(1) --- TPROP(2) - Starboard and port propeller thrust.

HPPROP(1) --- HPPROP(2)--Horsepower absorbed by starboard and port
propellers.,

FTOR(1) -~~~ FTOR(2) —Torque used by fans at N2 rpm, starbcard
and port.

PTOR(1) --- PTOR(2) - Torque used by propellers at N2 rpm, star-
board and port.

st s w10y A bl

[T LT T I
o ol

DN2DT(1) --- DNDT(2) -o'I'ur?ine power shaft accelerations in radians/
sec”.

ISYS — Equivalent momen: of inertia of machinery
as soon from a turbine power shaft.

il
il

N o i s s

i

Machinery CTharzcteristics. The optimum turbine rpm N2 is determined
for ez¢h turbine for its gas generator rpm N1 from: (Curve fit from figure 4).

1‘€2OP'1'I-1 = 11672 - 1.50457 Nlﬁ +1.21488x 19.4 Nli. (22)

WA RN AR O U 1

The shaft horsepower each turbine would generate at this optimun: N2 is
then determined: :

SHPOPT_ = 14684. - 2.3976 N1_+9.796 x 107> N1_. (23)
The actual horsepower produced by each turbine is then calculated:
2
SHP_ = SHPOPT_[0.1 + 1.8 (N2j/N20PT;) -o.sm?.jjzezo?rﬁ}“}, (24)

The fuel consumption rate is calcuiated for each turbine from the gas gene-
rator rpm

GPHn = 757.6377 - .121784 Nln +5.20379 x IO-SNli. {25)

|
I
i
]
l
b
|
!
I
|
i
i
mlfliuv.




e e e b N A R T S T 4

%o ST L W TR Y A=

e e e

NAVTRAEQUIPCEN 73-C-0138-1

The torque is then determined for each turbine:

e ra

R
DoAY, P

5
< ETOR = 3300 SHPn/(27N2J). (26)

NS
XS T AT

e 3

The total starboard torque is:

i
TETOR(1) = 2. ETOR (27)
1-3 n i‘:}
. and port:
= 2 :
. TETOR(2) = ,%, FETOR .

The gear ratios in the shafting system are then used to find propeller and
fan speeds:

iR gt g oot by A

NFANj = .1297 N2; §j=1,2

(28)
NPROPj= .6427 NFANj j=1i,2.

R TR e o

The fan power absorbed is then calculated from the efficiency n,

iy ok

HPFANj = PFANj QFANj/(540 NETAF). (29)

43 From the fan and propeller powers the torque absorbed from the turbines
h derived:

FTORj

33000 HPFANj [ (2 7 N2j) (30)

PTORj

33000 HPROPj [ (27N2j).

The difference between the torque produced by the turbines (TETOR(1) and

TETOR(2) } and that absorbed by fans and propellers leads to acceleration
of the shafting:

DN2DTj = {TETORJ‘ - FTORj - PTORj} / ISYS.

The shaft rpms are then updated:

N2j = N2j + DN2DTj At. {32)
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CUSHION SYSTEM MODEL

The determination of cushion pressure is governed by the fan pressure-
flow relationship, the change of cushion volume with time due to waves or
craft motion, and the pressure-flow relations beneath the skirts,

For speed in computation, internal functions are set up for computation
of individual cushion volumes and skirt gap areas depending on the vehicles'
present relation to the water or ground surface, These routines are described
below, At each time step the volume of each air compartment is determined
using the internal function HT AV and the height of the bottom plating above
water, HOW, at the 35 points shown in {igure 7, The depths of the skirts
below this bottom plating is a function of cushion pressure and their determi-
nation is described below. The gap between skirts and water is calculated
using the heights above water HOW and skirt depths SD at the peripheral
points, These gaps are used with the internal functions QL and QS to deter-
mine skirt pressure-flow relationships. This volume and gap characteristic
determination is descrived below,

With geometry determined, the pressure-flow relations are solved and
the re:alting forces on the vehicles are derived below,

Integration formulas., For the volume under each of the four cushion com-
partments an integration formula is established for the average height under
the following configuraiion: (One of four compartments)

4 7 5 1
10 +11 12 3

. v ( %
3 38 2

Assuming cubic curves in x and parabolic in y the internal function HTAV is
established for the height for vclume calculations:

HTAV (AN1, AN2, AN3,---ANI12) = 02038333 {AN1 + AN2 + AN3 + AN4} (33)
+.0625 {AN5 + AN6 + AN7 + ANg} +,08333 {AN9 + AN10 + .25 ANIl + AN12}.

The height of the hull bottom piating above the water or ground surface
are calculated for zach cusnion aud the result multiplied by the cushion
planform area to obtain compariment air volume as a function of vehicle
orientation and water or ground surface, M(x o* Yo t).

34
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For calculation of pressure differences across the skirt gap a discharge

coefficient of 0.6 is assumed: )
2
ap = —= (34)
A C
p D
where Q is the flew rate under the skirts and A is the gap area under the

skirt for this compartment, .k
Assuming skirt perimeter configurations for each compartment as follows: i

~ ff
~. ¥ o

2x :

20° 49" 3

1x X X X " 7 3

* 7 3 z > X

functional routines are established for:
AvVZCpjp 3

In X a cubic gap is assumed: (35) _ ;
23 QL(ANSL1.., ANS4) = 94,16 {ANS1 + 3xANS2 + 3zANS3 + ANS4} -
In Y a parabolic gap is assumed: (36)

QS(ANS1, ANS2, ANS3) = 62,76 {ANS1 + 4xANS2 + ANS3} .

N " i

)

As the heignts above water or ground of the appropriate points on the
cushion shift periphery are inpui, the quantity

. \/ECD
QLor QS = AV g~ resuits,

Determination of Cushion Volumes and Skirt Gaps,

e ,"it

; ‘:Il‘ {

‘|‘l“; B Ll "'1 "

5 Cushion Volumes. The heights of each poini on the bottom plating are
determined measured from mean sea level:

0, Rt A o L

H‘E-IULLn = -X3 + Xs (HPXSln) -X4(HPXSZn) - HPXS3n). (37) -
HOW = HULLn - ETAn . {393)
38
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where
HPXSIn .
HPXS2 Is thz location of pointn as measured from
n the pilot in es;, e'sz, es, .
HPXS3
n
ETA, -~ Is the height of water or ground at point n

above mean sea level,

The volume of each cushion compartment (VOLC_) is then determined with
the heights above and the integration formula HTAV,

The change of cushion volume with time may then be calculated. This
is usually called "wave pumping” and is the flow into the cushion required
by its rate of change of volume,

QPUMPJ. = (VOLCJ. - VOLCj (old))/At, (39)

Skirt Gaps. An inner loop is set up for the calculation of the depth of the
finger skirt periphery below the hard hull. The skirts are assumed to
respond to pressure variations in the compartment according to the following
logic:

Yn = 109, - P‘GCn —  difference between equilibrium value and
present compartment air pressure,

if Y >66.9 ¥ =66.9 : (40)
limits on skirt motion
if Y <-66.9 Y_=-66.9.
SDPRO_ = 4.5 + CSKRT x ¥ - 8.325 x 1077 Yi’; (a1)

- cubic fit to steady skirt depth as a function of pressure,

SDDTn = (SDPROn - SDOLDn) x TC - skirt depth (42)
approach to equilibrium,

SDDT = SDOLD,, + SDDT,, x DELTAT -new skirt depth, (43)
The height of the skirt perimeter above (or below) water is calculated,

SAWn = HOW _ - SD.. (44)

If SAW is negative, the skirt is touching water at point n and SAW_ will
be used for skirt drag, Otherwise CLRn, the airgap at this point ®

37
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is calculated:

CLR n- SAW (45)

. _1n-B
If CLRnS 0, CI..Rn =10

The clearance (CLR) is then used with functions QL and QS to determine the
pressure-flow relation below the skirts,

Cushion Pressure Determination, The mathematical model developed for
pressures ana Ilow rates through the air cushion vehicle support system is
based on assumptions of incompressible fluid flow and on discharge
coefficients for flows through ducts and openings, In addition, inertial
characteristics of the airmass are assumed to be small,

These assumptions greatly reduce the complexity of the mathematical
model, but solution of the resulting state equations still entails the solution
of six simultaneous nonlinear equations. These six equations are airflow
continuity equations for the six "'nodes" in the flow system as shown in figure 8,
The sum of all the flows into each of the two "manifolds' downstream of the
fans must equal zero. The flow rates into the manifolds depend on the fan
rpm and the pressure difference between manifold and atmosphere, Like--
wise flow rates out are related to pressure differences between manifold

and cushions,

Similar flow continity equations are written for each of the four cushions,
where attention must be given to the rate of change of cushion volume due to
vehicle motions and motion of the water surface. In figure 8 these effects
are represented symbolically as a piston in each cushion,

For purposes of matrix manipulation in this section all pressures are
stored in vector P:

P1 Pressure in cushion 1 = PGC (1)
P2 Pressure in cushion 2 = PGC (2)
P3 Pressure in cushion 3 = PGC (3)
P4 Pressure in cushion 4 = PGC (4)
P5 Starboard fan pressure = PFAN (1)
PS Port fan pressure = PFAN (2),
Defining:
QINC(i) flow into cushion i from manifold

QNOZ(i) flow into manifold i through thrust nozzle

QF AN (i) flow into manifold i through fan

QPUMP(i) change of cushion volume i with time

QIC(i) flow into cushion i from cushion (i-1)

Q) flow into cushion i under its peripheral skirt,
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The six continuity equations are:

For the manifolds:
-QINC(1) - QINC(Z) + QNOZ(1) + QFAN(1) = 0
-QINC(3) - QINC(4) + QNOZ(2) + QFAN(2) = 0,

(46)

For cushions:

QINC(1) + QIC(1) - QIC(2) + QPUMP(1) +Q(1) =0 (47)

QINC(2) + QIC(2) - QIC(3) + QPUMP(2) +Q(2) = 0

QINC(3) + QIC(3) - QIC(4) + QPUMP(3) +Q(3) =0

QINC(4) + QIC(4) - QIC(1) + QPUMP(4) +Q(4) = 0,
Most of these flows may be expressed irn terms of the pressures at the 6
nodes and the cross sectional area of the passages connecting them, The
only exceptlons are the fan flows which also depend on the fan rpms, The
general form is:

Q= (area \.—%..JA-E\ sgn (Ap). (48)
The resulting expressions are:

QINC(1) = 589, VIP(5) - P(1)} sgn (P(5) - P(1))

QINC(2) = 583. /P(5) - P(2} sgn (P(5) - P(2))

QINC{3) = 589, P(6) - P(3) sgn (P(6) - P(3))

QINC(4) = 589, [P(6) - P(4)l sgn (P(6) - P(4))

QNOZ(1) = -346.P(5) sgn (P(5))
QNOZ(2) = -346.fB(6), sgn (P(6))

QIc(1) = 675, /IP(4) - P(1)] sgn (P(4) - P(1))
QIC2) = 338, JP(1) - P2} sgn (P(1) - P(2))
QIC3) = 675, /B2 - P3N sgn (P2) - P(3))

QIC(4) = 338, VIP(3) - P(4)l sgn (P(3) - P(4))
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Q(1) =  -area (1)-{i4.5) VIP(1)] sgn (P(1))
% Q2) = -area (2)- (14.5) \/'ﬁ;(—z—); sgn (P(2))
QB) =  -area(3)-(14.5) JP(3) sgn (P(3))
QM) =  -area (4)-(14.5) J/IP(a) sgn (P(4)).

The fan characteristics are represented by the foliowing expressions:
: QFAN (1) [-1280. /iP() - 3001 sgn (P5) - 300.) (49)
-31,6(P(5) - 300.) ] NFAN(1)/2000,
QFAN(2)  {-1280. /IP(6) - 300.] sgn (P(6) - 300,)
-31, 6(P(5) - 300.)] NFAN(2),2000,
The four QPUMP values are determined by the motion of the craft

and water surface and; thus, form an inhomogeneous part of each cushion
equations,

Substitution of the above into equatmns gives six simultaneous
nonlinear algebraic equations for P(i) given QPUMP, NF AN, and the escape
area beneath the skirts, These equations are solved i’reratively by a multi-
dimensional Newton-Raphson procedure,

Symbolically the equations may be written:

O

P w
Onp.) ‘; | '1) -0 (50)
)"

- where [0 ‘I.} represents the six nonlinear operators on the vector P and W
is a vectér containing the inhomogeneous terms, If we introduce an error
vector E, which should be zero when the equations are satisfied, we have:

) IO ) I Y N
{: =[Oy1.] (;6, - \:vsf . (51)
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With approximate values for the vector P, a linearization is possible giving:

M <t i
lEBs h:-:sjat P-= Pguess 3 (Pe - P(Sguess

by setting E = 0 an updated approximation to P is obtained by solving the
agove seg. of coupled rii.uear algebraic equations. This is iterated until
suitable accuracy is obtained, In general one or fwo iterations are required.

The derivation of the error vector E and the matrix dEi/ de is as follows:

E(1) = QPUMP(1) + 5, 89x102ASQRT(P(5) - P(1) ) + 6. 75x102ASQRT(P(4) - P(1))
(53)
- 3.38x102ASQRT(P(1) ~ P(2) ) - 14,5 AREA(1) ASQRT(P(1) )
dE(1)/dP(1) = -5. 89}:1(')2 DASQRT (P(5)-P(1) ) - 6.75}:102 DASQRT (P(4)-P(1) )

-3.38x102 DASQRT (P(1)-P(2) ) + AREA(1) DASQRT (P(1) )

dE(1)/dP(2) = 3.38x10° DASQRT (P(1)-P(2) )
dE(1)/dP(4) = 6.75x10° DASQRT (P(4)-P(1) )

dE(1)/dP(5) = 5.89x102 DASQRT (P(5)-P(1) )

dE(1)/dP(1) = -dE(1)/dP(5) - dE(1})/dP(4) - dE(1)/dP(2)

-14.5 AREA(1) DASQRT (P(1) )

E@) = QPUMP(2) + 5.89x10> ASQRT (P(5)-P(2) ) + 3.38x10% ASQRT (P(1)
-P(2) ) - 6.75x102 ASQRT (P(2)-P(3) ) - 14.5 AREA(2) -

ASQRT (P(2) )

dE(2)/dP{1) = dE(1)/dP(2)
dE(2)/dP(3) = 6.75x10% DASQRT (P(2)-P(3) )
dE(2)/dP(5) = 5.89x10° DASQRT (P(5)-P(2) )

dE(2)/dP(2) = -dE(2)/dP(5) - dE(2)/dP(1) - dE(2)/dP(3)

-14.5 AREA(2) DASQRT (P(2) )

oo 0 D g i
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where:
ASQRT (X) J X1 sign (X)
1 d
DASQRT (X) = —AX
x|t dx

E(3) = QPUMP(3) + 5. 892102 ASQRT (P(6)-P(3) ) + 6. 75x102 ASQRT (P(2) -

-P(3) ) -3. 38x10% ASQRT (P(3)-P(4) ) -14.5 AREA (3) ASQRT (P(3) )

U" m PR T o N o i i i o il
il W (AN A T DA T A KA
] o I 1 W

dE(3)/dP(2) = dE(2)/dP(3)
dE(3)/dP(4) = 3.38x10° DASQRT (P(3)-P(4) )
dE(3)/dP(6) = 5.89x10° DASQRT (P(6)-P(3) )
dE(3)/dP(3) = -dE(3)/dP() - GE(3)/dP(2) - dE(3)j dP(4)

~-14.5 AREA(3) DASQRT (P(3) )

MMU .

U

E(4) = QPUMP(4) + 5.89x10° ASQRT (P(6)-P(4) ) + 3.38x10% ASQRT (P(3)

)

it

I

-P(4) ) - 6.75x10° ASQRT (P(4)-P(1) ) - 14.5 AREA(4) ASQRT (P(4) )

dE(4)/dP(1) = dE(1)/dP(4) -
dE(4)/dP(3) = dE(3)/dP(4)
dE(4)/dP(6) = 5.89x10° DASQRT (P(6)-P(4) )
_ dE(4)/dP(4) = dE(4)/dP(1) - dE(4)/dP(3) - dE(4)/dP(6)
% -14.5 AREA(4) DASQRT (P(4) )
= E(5) - -5.89x10% ASQRT (P(5)-P(1) - 5.89x10°ASQRT (P(5)-P(2) )
-3.46x10ASQRT (P(5) ) ~(NFAN(1)/2000.)% }1.26x10°ASQRT
(P(5)-300) + 3. 16x10* (P(5)-300)]
= dE(5)/dP(1) = dE(1)/dP(5)
{ f{g dE(5)/dP(2) = dE(2)/dP(5)

i
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2

dE(5)/dP(5) = -dE(5)/dP(1)-dE(5)/dP(2) -~ 3,46 x 10° DASQRT (P5))
-(NFAN(1)/2000)> |1.28 x 10° DASQRT P(5; - 300)\
E(6) = -5.89 x 10% ASQRT (P(6) - (P(3)) - 5.89 x 102ASQRT (P(6)-P(4)

-3.46 x 102 ASQRT (P6)) - (NFAN(2)/2000.) {1.28 x 10°
ASQRT (P(6) -300) + 3.16 x 10" (P€) - 300)} .

Forces and Moments due to wave system. Determination of the hydrodynamic
Torceg acting on the cralt is made by integrating the cushion pressure times
the unit vector normal to the water surface below the craft, Since this surface
tends to slope down from bow to stern, there will generally be a force opposing
the craft's forward motion, Calculation of the overall shape of the water
surface involves both wind generated ocean waves and shipwaves resulting
from the craft's motion. These are treated in a later section. Under the
assumption of uniform pressure within each chamber, this integral simplifies
in evaiuating the differences in water surface heights at opposite ends of
chambers.

The hydrcdynamic forces can then be evaluated as follows with ETA(])
referring to the ith planform point. ETA, is the sum of the water amplitude
at point i due to the seaway and the vehicle generated waves:

ET.Ai = ETAi (seaway) + E'I‘Ai (motion) (54)
Wave Drag and Sway force, and Yaw Moment from Elevations,
In the Ahead Direction (X1):
WD1 = -PGC(1) * 20 * (ETA(I) + ETA(2) + ETA(3) - ETA(6) - ETA(7) (55)

- ETA(8))/3

WD1 = WD1 - PGC{2) * 20 * (ETA(6) + ETA(7) + ETA(8) - ETA(2]) - ETA{27)
- ETA(26))/3

WD1 = WDI - PGC(3) * 20 * (ETA (8) + ETA(16) + ETA(I5) - ETA{i9)
- ETA {20) - ETa(21))/3

WDI = WD1 - PGC(4) * 20 * (ETA(1) + ETA (11) + ETA12)} ETA(8)
- ETA(16) - ETA (15))/3

In The Side Direction (X2):

WD2 = -PGC(1) # 40 * (ETA (3) + ETA(4) + ETA(5) + ETA(S) - ETA (1) {56)
-ETA(10) - ETA(9) - ETA(8))/4
WD2 = WD2 - PGC(2) # 40 + (ETA (6) + ETA(24) + ETA(25) +
ETA(26) - ETA(8) - ETA(23 - ETA(22) - ETA(21)}/4
44
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WD2 = WD2 - PGC(3) * 4C #(ETA(21) + ETA (22) + ETA(23)+
a5 ETA(8) - ETA(15) - ETA(I7) - ETA (18) - ETA(19)/4

WD2 = WD2 - PGC(4) * 40 * (ETA(8) + ETA(9) + ETA(10) +
ETA(l) - ETA (14) - ETA(13) - ETA(14) - ETA(15))/4 _

. The Moment About The Pilot's Location is: 57

. WM6 = PGC(1) * 40 * (ETA(6) + ETA(7) + ETA(8) - ETA(1) - ETA(2)
- ETA(3)) *8/3

WM6 = WM6 + PGCR) * 40 * (ETA(26) + ETA(25) + ETA(24) + ETA(6) - ETA(21) -
ETA(22) - ETA(23) - ETA(8)) *50/4

WM6 = WM6 + PGC(3) * 40 * (ETA(19) + ETA(20) + ETA(21) - ETA(I5) -
ETA(16) - ETA(8)) *28/3

i A P 1 0 A 0 g PR e o bt 18 00

WM6 = WM6 + PGC(3) * 40 * (ETA(2!) + ETA(22) + ETA(23) + ETA(8) -
ETA (19) - ETA(18) - ETA(17) - ETA(15)) *50/4

O

WM6 = WM6 + PGC(4) * 20 * (ETA(15) + ETA(16) + ETA(8) - ETA(12) -
ETA(11) - ETA(1)) #28/3"

bl nlbbstsseaab ol A

WM6 = WM6 + PGC(4) * 40 * (ETA(8) + ETA(9) + ETA{lI0} + ETAQ1) -
ETA(6) - ETA(5) - ETA(4) - ETA(3)) *40/4

ittt b e O AT B8 s o i

WM6 = WM6 + PGC(l) * 40 * (ETA(6) + ETA(5) + ETA(4) + ETA(3)
- ETAI(8) - ETA{9) - ETA(10) - ETA(])) *10/4

WMF = WM6 + PGC(2) * 20 * (ETA{21) + ETA(27) + ETA(26) - ETA(8) - ETA(7)
- -ETA(6))* 8/3
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Forces and Moments due to Cushion Pressure. Upward forcee are exerted
on the vehicle at the centroid of each cushion by the air pressure in the
cushicn, The force on each compartment is the cushion pressure (PGC)
times the compartment area which is 800 square feet. Pitch and roil
igoments are also caused by these forces:

In the e’s3 direction, heave:

4
FX3CT =- Y PGC(J) x 800 (58)
i=1

In the pitch direction, e-s'sz

¥
FX4CT = L  PGC(J) x 800 x X,
=1

In the roll direction, es x

4

FX4CT =%  -PGC(J) x 800Y,
j=1

where Xj, Yjis the location of the compartment center in plan relative to
the ship based origin.

Forces and Moments due to Spray and Skirt Drag. The forces due to spray
from the moving cushions and the cushion skirt drag are coupled in the
experimental work on ACVs. We have no reliable basis to attempt a sepa-
ration of these two effects analylically. Therefore, these effects have been
approximated by losses proportional to horizontal velocity squared following
experimental data in the Bell PDSR:

&, SDRX =-CpX; IX,] (59)
&, SDRY=-CpX, IX,|

es, SDRR = -SDRY (HP)

&, SDRP = SDRX (Hp)

e‘s‘i SDRYM = SDRY (XS1C) - SDRX (XS2C}).

The drag coefficient Cy, is assumed equal te 0.25 based on the Bell skirt drag
and spray losses. Hp 1is the height of the origin above water,
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ENVIRONMENT MODELING

&

The components of the vehicle environment modeled are the visual
scene, wind, waves, and beach. The visuzl scene is crested photographi-
cally from a camera mounted on the gantry. The wind direction and velocity
are inputs to the program and are combined with the craft velocity vector
to find apparent wind relative to the craft. Aerodynamic forces due to the
apparent wind arc calculated by curve fits to Bell experimemnial resulis.

The wave surface is composed of the seaway, or waves tha{ wera present
before the craft arrived, and vehicle generated waves,

WIND AND AERODYNAMIC FORCHES, Appareni Wind, The wind velocity 3
in feet per second (VWIND) and the wind direction in radians clockwise from :5

North (AWIND) are inputs to the simulation. ¥rom these and the craft
velocity vector the wind relstive to the craft is calculated (apparent wind):

Head wiri cox.ponent: XWIRD = Xl + VWIND cos (XS-AWIND) {60)

Side wind component

(from starboard}: YWIND = Xz-"v"WIND sin (XG-AWIND) (61)
Magni'ade of apparent 9 5
wind: VA =\/XWIND" + YWIND . (62)

The apparent wind direction, positive clockwise from straight ahead is
then computed: :

For YWIND +

Tan™}(YWIND/ XWIND) (63)

For YWIND - -7+ Tan"! (YWIND/XWIND) .

This angle in degrees: ABETA = BETAA (180/ 7 ) has a range of ~180
to +180.

Momenturc Drag. The vehicle experiences reaction forces due to the ingest
of air at relative velocity VA intc the cushion fan system:

MDRAG = p (QFAI\J1 + QFANz) VA, (64)

This drag results in forces and moments about the pilot Iocation:

&1: XMDRAG = -MDRAG cos (BETAA) (65)

é's'2= YMDRAG

es.: PITCHM

) i

~-MDRAG sin (BETAA) (66)

XMDRAG (XS3C) (67)
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324: ROLLMD = ~YMDRAG (XS83C) (68)
3

283 YAWMD = (124X51C)YYMDRAG-XMDRAG(XS2C).(69) ~/
Windage. The side force drag coefficient i3 curve {it from Bell experimen-
tal data shown in figure 3.

SDRAG = .01385 JABETA)- 7.60 x 10™° ABETA® (70)
if; ABETA< 0, SDRAG = - SDRAG.
The frontal drag coefficient iz curve fit from Bell experimental data shown
in figuce 1¢, This curve 150?1'5 with a parabola for angles less than dGO,
with & cubic from 40 to 88, and with a parabola above 88°, Port star-
board symme*ry is assumed:
if, |ABETA}<40° (1)

-4 2 -3 '

FDRAC = -2.22x 107~ ABETA®+3.33x10™° |aBETA} + 0.5
if 40°%< |ABETA}< 88°

¥DRAG = -2.48 % 107 JaABETA} > + 5 x 1073 ABETA® _

- .324 |ABETA| + 5.835

if, |aBETA|>88° z

FDRAG = 1.04 x 10~ * ABETA2-3.518x10 2|ABETA] + 2.39.

The yaw moment coefficient about the boat center is basec on the Bell
experimental aaa shown in figure 11. This curve is fit w;th a st"alght line
for JABETA|<60°, with a cubic for |ABETA |between 60° and 120°, an

with & straight line from 120° to 180°. Again port-starboard ymmetrv

is assumed.

if, |aBETAk60°: YDRAG = 1.67 x 10™° | aBETA| (72)
if, 60°¢ABETA<120% YDRAG =5.17x 10™ [aBETA}? - 1.23 x 107
2 -3 [e g or o 10-2
ABETA” +5.82 x 10 °|ABETA}+ 8.27 x 10

if, ABETA > 120°: YDRAG = 1.87 x 10°5,
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The resulting windage forces and moments are:
2

'551: XBDRAG = -FDRAG x FCAREA x 1/2pVa (73)
52: YBDRAG - _SDRAG x SCAREA x 1/2pVa’ (74)
es,: PITCHA = XBDRAG x XS2C (75)
es,; ROLLA - -YBDRAG x XS3C (76)
es,: YAWBD = YDRAG x SCAREA x LCUSH

x 1/2pVa® + YBDRAG x XSIC

-XBDRAG x XS2C. (17

Windage forces also occur on the propeller ducts. The angle of attack of the
relative wind to the duct if first calculated including yaw velocity of the
vehicle and propeller slipstream:

N

ADUCT = ta.n-l {Va sinfaa +AX x XD(6) |, (78)

Va cos faa + 1,78 VTROPj

Duct sideforce coefficient:

CDUCT; = -7.407 x 10°> ADUCT; + 1.333 (19)
if  ADUCTj<18, CDUCTj = 6.667 x 10”2 ADUCT;.
Effective velocity at duct:
if  TPROPj 2 0.0

VDUCTj = {Va cosPaa + 1,78 \/’ﬁgpﬂz + {Va sinBaa} 2 (80)
if  TPROPj<0.0

VDUCTj ="\ {Va cosfaa - 0,89 \%Pj}z + {Va si.nBaa}2 .

Effective dynamic head at duct:

VDj = 1/2pVDUCTi . (81)
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The vehicle forces and moments due to the duct are then calculated:

2

YDUCT = -g‘,‘l CDUCT; x DIA x CHORD x VDj (82)
]‘3

YAWD = YDUCT x X1R

ROLLD = YDUCT x X3R (83)

The aerodynamic yaw damping moment is estimated by Bell:
YAWDC = -2.77 x 10° x XD(6). (84)

SEAWAY DESCRIPTION. The composite small amplitude linear wave and
finite amplitude solitary wave ocean surface model, as detailed in the June
report, was subsequently found to be unworkable within a real time simula-
tion environment. The essential difficulty derived from attempts to match
in both time and space the surface elevations given by the two wave forms.
A simpler model, judged to be adequate for engineering and simulation
purposes, has been devised and is detailed below,

As a wave enters shallow water, roughly at a point where the water
depth is one-half of the wave's length, the shoaling process begins. In
general, the process reduces the wave's length, increases the height of the
crest, and reduces the depth of the trough. Small amplitude wave theory
can be used directly to predict the first effect within engineering accuracy
and to partially account for the latter two. These affects are conveniently
accounted for by using the Stokes second order correction for the wave profile.

Offshore of the point where shoaling begins, the first approximation
to the ocean profile is

o HO
7]0 = 3 cos (Kox - wt). (85)

As the wave shoals, however, both the wave height and the wave number vary
with distance, giving:

o H (x)

n = g cos (K(x) - wt). (86)
1

The wave height in shoaling water H(x) can be solved for in terms of the
deep water wave height H , the local water depth h(x), and the lccal wave
number K(x). It is (ref. fppen, page 65):

2
o - 2xos h™ (K{x) h(x) )
H'(x) B, \/—;K(x) h(x} + sin h(2K(x) h(x) ) °* 87)
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In equation 87, the local wave number K(x) is determined by solving (itera-~
tively) the transcendental equation for the dispersion relation:

w? = g K(x)tan h (K(x) h(x) ). (88)

The spatial variation as given by the K(z) term in the argument of the
cosine in equation 86 requires special interpretation. In deep water the
rate of change of wave phase in space is given by K ; thus, the phase is

given by °

x
f K dx' = Kox (89)

as shown in equation 85. For shoaling water, however, the analytic form
for this rate of change is unknown and K(x), a function which must be com-
puted for each beach~-wave length combination, is defined as follows:

X
K (x) = f K(x?') dx'. (90)

As the water depth decreases, the slope of K(x) will increase giving a more
rapid spatial variation of the cosine's argument in equation 86, equivalent to
a shorter wave length.,

Equation 85 and its inshore generalization, equation 86, gives a first
approximation to the wave height; one in which the crests and troughs are
displaced an equal distance from the mean surface elevation. A second order
correction can be made by utilizing results from Stokes second order wave
theory. This improvement is based on the first order solution. With crests
occuring at both the crests and troughs of the first order wave, the effect
is to increase the overall height of the crest and decrease that of the trough.
This second order addition then may be written-

1

n = Hl(x) cos [2 (E(x) - wt) ]. (91)
1
2
H (x)
Hl(x) s ° cos h(K(x)h(x) }(2+cos h(2K(x)h(x) ) (92)
8 2 3 .
R6) sin h™ (K(x) h(x) )

To prevefnt this second order coniribution from erroneously dominating the
first, H (x)/H%(x) is limited to a maximum value of 1/8, This condition
prevents additional crests and is justified scientifically by recalling that
this contribution is treated only as a small correction term.
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As in the previous seaway description, the waves are assumed to
form "spilling breakers' and disperse their energy gradually as they approach
the shore. Critical wave height to water depth and wave height to wave length
ratios are imposed as:

H%x) [ hix) <0.78 (93)
Box) / 27 K(x)) <0.142. (94)

Again, there is no wave remaining at the beach (by equation 93) and;
therefore, there is no run up to account for. This departure from reality
should not significantly alter the craft dynamics or training experience.

Seaway Calculations. Calculation of the wind-generated waves requires

executing an initialization subroutine as well as a sequence of calculaticns
within the time cycle loop in the simulation.

The main program reads a wave period, offshore wave height and a
beach slope, and then calls the subroutine SEAWAY which does the following:
Computes

WLEN The offshore wave length.

WNKO The offshore wave aumber,

DZ The depth at which wave shoaling begins.
XSHOAL The distance offshore at which shoaling beging

{measured value of the X01 coordinate).

The remaining portion of the program determines values of the function K(x)
as described by equation 90 in Seaway Description. This is done using a
crude rectangular integrating routine with step sizes in the S direction equal
to the deep water wave length. (As written only 100 values are permitted;
this could be increased if necessary). During execution of SEAWAY, the
subroutine WVNBR (for wavenumber) is frequently called. This routine
solves the transcendental e-juation,

w2 = gK(x) tan h [K(x) hix) ]

relating the finite depth water wave frequency to its wave nnmber K(x) and

the water depth h(x). This is done using a Newton-Ruphson roct seeking
technique for the equation (given w and h)

F(k) = w2 - g X tan h (Kh). (95)

Once SEAWAY has been executed, no further calculations need be made
prior to the beginning of the time loop.

Within the subroutine OCEAN, the wind wave heights are calculated
at 35 pts and saved in the array ETA(I); I = 1,35,
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Each of these points correspond to a point of water surface directly
below a known point on the craft. . Since the beach has beeu assumed to run
east-west (X02 direction), the land to occupy X~1 =0, and the waves to
approach the beach perpendicularly, the wave shape depends only upon the
X01 coordinate and time. When given a point in space, the first step is
to make certain that it is over water, not on the land.

¥ (HPXO0i(N)) 10, 50, 50
If on land, HPX01>0 and ETA (N) is set to zero.

If at sea, a further check is made to see if the point is in the wave shoaling
region or further offshore,

If offshore, the wave height and length are unaffected by the beach and ARGU;
the argument of the cosing giving the shape of the wave is simply calculated.

If in the shoaling r~gion, the wave height is adjusted according to the Seaway
Description and the spatial contriburion to the argument determined by linear
interpolation within ti.e table generated by subroutine SEAWAY,

Finallv, the Stokes Second Order corrections are made on either the offshore
or shoaling ‘waves again according toc SEAWAY description. This process
is repeated for each of the 35 field points.

VEHICLE-GENERATED WAVES, The prediction of the surface wave pattern
generated by the motion of the craft is a complex problem. The complexity
lies in the fact that the craft's motion is not known beforehand, and the tra-
jectory of motion in the horizontal plane could be very arbitrary. Difficult
as the problem is, nevertheless, it is necessary to come up with a wave
height production, because vehicle-generated waves not only provide the

basic ingredient for calculating wave drag and moment, but also carry the
effects of changing the cushion volume as well as the skirt clearaace, fac-
tors which crucially affect the response of the craft,

The mathematical model for the prediction of vehicle-generated
waves is based on linearized water-wave theorv, The formulation and
derivation of the solution of this hydrodynamics problem are detailed in
Appendix A, The main resiult is that to cbtain the wave height at a given
point vnder the craft, a convolution integral in time must be evaluated.
Input to the evaluatioa of the integrand and; thus, the integral consists of
the recen. history of the irajectory and orientation of the craft as well as
the coordinates of tne point where the wave height is desired. The integrand,
crthe kernel function of the integral, is a 1ery compiicated mathematical
expression, evaluation of which during veal time simulation is certainly
beyond the present state of the art of computer technology. To make real
time evaluation of the convolution integral possible, tabuiation of the kernel
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function, which is a function of three variables, is necessary. With the
table of kernel function loaded in memory, the ccmputer can be program-
m ed to interpolate values from the table and evaluate the integral or a
real time basis,

Therefore, to implement tae proposed mathematical model for the
prediction of vehicle-generated waves, we can divide the required program-
ming efforts into two stages. In Stage one, values oi the kernel function
are generated. This is an expensive and time-consuming orocess. The
mathematical technique and associated programming procedures are tho-
roughly documented in Appendix B. These calculations, however, have to
be done only once for a given water depth. A medium size table has been
generated, for straight-ahead motion as well as 2 limited amount of sway
and yaw. This table can be extended with little concepiual difficulty to
accommodate the case of a general maneuver.

b S A W TSl

In Stage two, which occurs during the real time simulation process,

the convolution integral which depends on the trajectory-history of the craft

as input will be perforined. The numerical proceduire as well 2s the program-
ming efforts involved in this stage are described in considerable detail in

the 1nain body of this report. Examples and test results are given to illus-
*rate the application of the kernel table generated in Stage one. The presen-
tation that is to follow consists of two paris: Tke first part describes the
principles and mathematical details of the numerical procedure used in
evaluating the convolution integral with specific reference to the origin of
the equations. The second section consists simply of the FORTRAN IV
version of the procedure described in the first section, put into effect.

Results for several test runs of constant and variable speed conditions

are given., Finally, to interface the vehicle-generated wave package with

the rest of the motion s mulation program, we must provide a routine thet ' 3
transfers and updates the array which stores the history of the craft's i3
trajectory and orientation. This is described in Section IL = i
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NUMERICAL PROCEDURE FOR REAL-TIME COMPUTATION OF VEHICLE-
GENERATED WAVES, The nondimensional vehicle-generated wave-neight,
"= Z(x',¥")/(p_/pg) can be obiained by performing the following convolution

integral with reSpect to the nondimensional time, % = t/ Valg :
N e ~ S ~ . ~ o~
tx',y") =f dT K*(R_(7), R (7), 7). (96)
-T x y
o

where (x', y') are the coordinates in the horizontal plane at which the wave
height is desired, and KS is the kernel function which will be tabulated

and stored in 2 common block described later. To evaluate (96) we must
als‘g know the history of motion of the craft from 7= 0 (i.e., the present)
to 7= -T_, say some NT units of time interval, AT, back in the past. This
is reflecfed through-the functional dependence of Ry( T)and Ry(¥)on ¥,

as given by equation (7.4) of appendix A:

R(¥) = &' - X(T) cosa(T 2+ [y - YT sin 6 (¥),

Ry(?’ ) = Iy' - Y(F) cos §{ P - Ix' - X(T) sind(T). (97)
Here, X(7), Y(7), and6(T) are the history of the craft's trajectory and
orientation, measured in the craft's present coordinate _system, and must

be known beforz we can calcuiale the Kintegral. All length quantities
shown have been nondimensionalized by the craft's half-lengtk, > .

Let's assume we know X(7 ), Y(7), 6 (7) in a discrete manner
as follows:

/th) — STATE{n, 2)

i
P S@)—>smE (n,3)
AT ’
()
] LL\’“\\ XF) — STate(n, 1)
(T

P
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Here, we use the two-dimensional array STATE (n, m) to store the history

. of the trajectory. Note that if we integrate NT time intervals of AT each

é{; in the past, there are actually NT+3 ordinates because we use half-intervals
in the recent past, Note also, by definition, STATE (o, n) for m=1,2,3.

Assume that we are ngen x!, y and the STATE's are defined, then
the mtegrandK (R ('J). R_(T), P at T=F n’ n=0, ... , NT+2, can be
generated by ca.]lmg a fundtion subprogram KSINTP (RX, RY, N):

REAL KSINTP, F(50)
NN =NT +2
DO 10 N=1, NN

YCaiculate RX, RY according to Equation (97)
;using STATE (N,M), M=1,2,3 and x!, y'. (99)

AX = ABS (RX), AY = ABS (RY)
10 F(N) = KSINTP (AX, AY, N)

AN mww:wwMM‘»w"mnvwmmwm P O N ey T
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The integrand is now stored in the array F; the wave height, { , can now
be obtained simply by appiying Simpson's rule with half-interval adjustments
as below:

5

By = G FFO) + 2+ (FU) + FG) ) + F2) + 3F(4) + FON)

+ 4%[F(5) + F(7) + F(9) + ...+ F(NN-1) ] (100)
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+ 24{F(5) + F(8) + F(10) + ...+ F(NN-2) }}

R A O Y

where F(0) = 0, and NN must be even,
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We now proceed to describe the interpolation details of the function
subprogram KSINTP, assuming thai a table of the kernel function is available.

KSINTP (AX, AY, N) Routine. The Kernel function K (x,y.7) is a function of
three varizbles. One may envision this as a three-dimensional array, with
subscripts i, j, n, corresponding to grid points indices of the variables x,

¥y, and ?'recpectively. The table is prepared in such a way that for given
values of R , R_» and T, only mterpolatmns in the x and y directionys are
necessary. *In dther words, the ¥ grid of the XS table is identical to the
discrete time values defined in {98).

3: A schematic diagram showing the storage pattern of the valves of
3;; the kernel functicn Vijn is shown on the following page:
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In order to comgpletely define the table, the following information
should be stored in a commca block called/KRNL/ :

Al i i ““\ [ ulii

V.. = value of the kernel at the i, j grid pojnt on the table
corresponding to the time value 7= Tn'

il W "V”W it

AT
o
L]

gl i

- = x and y grid point values of the ’r"n-table.

L)

g

Number of x-grid points in the ¥ -table.

Lt

n
~?

(N‘Y)n = Number of y-grid points in the Tﬁ-tab}.e.

Z For example: )
v COMMON/KRNL/NX(50), NY(59), X(32, 50), V(32, 15, 50)

Each call of KSINTP (RX, RY, N) will therefore mterpo'}?te the

= value of the Kerne! function from the x and y grid voints in the E-ta‘nie.

7 The value is returned through the function's name. The following inter-

polation algorithm is based cn a 3-point Lagrange formuia.
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ep 1: Search and find the indices p and q such that

:

X <RX<X andY <RY<Y
P, p+19n q,n Q."'ltn‘

If p=NX(N) -1, set p = p-1.

If q=NY (N)-1, set q = g-1.

Step 2: Interpolate the value of kernel for 3 y-grid values at the x-value
we want,

H RX-X n RX - Xin
... S Y |
i= +1, r X YRV p,ati,n [1 =D, ¢ X +1 -X. d vp4-1,q+j,n
RX--Xin
+i F——=)1*V ., for j=o0,1,2. (101)
1:34-1, Xp +2,n Xin p42,q+j,n

Step 3: Interpolate in the y-direction to obtain the Kernel value:

— q+2 RY -
KSINTP = L[ (’5?"'""1_ ) * G (102}
k=0 380 g+k,n “jn
j#(q+k)

Note that considerabie sim -lifications in these formula will occur when
the grid spacings are coi. int.

Subroutines for the Computation of Vehicle-Generated Waves, The "vehicle-
generated wave package' which contains four subroutines is basically a
FORTRAN IV version of the procedure described in the rvirst section above.
The rame and purpose of ea:  of the components inside the package are
given below:

Routine LDTABL. This routule chould be called once at the beginning of the
calling program which uses the package. Its purpose is simply to load the
common olock/KRNI./ by readmg the deck of cards which contains the
values of the kernel function K5,

Routine VGWAYVE, This subroutine performs the convolution integral in
time to obtain the wave height, Before entry, the STATE array must be
defined forr at least as many time steps as the kernel table is prepared.
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In this routine, the procedure given by Equations (99) and (100) of the section
above is performed by calling the interpolation routine KSIN'TP to generate
the integrand aud the routine SIMPSN to carry out the integration.

Routine KSINTP. A function subprogram which interpolates a value of
the kernel function from the kernel table stored in the common block /KRNIL/.

Routine SIMPSN, General purpose Simpson's rule integrator,

The above routines are given together with a sample main program
which calls VGWAVE to obtain the wave neight., In this particular applica-
tion, the STATE array was generated by assuming that the craft is going at
constant speed. Typical results are shown in figure 12 and figure 13 for a
number of speeds, The Froude number corresponding to the case where the
depth Froude number equals 1.0 is 0 « 707, above which waves diminish in
heignt substantially. It has been observed that, in dcing these computations,
a nondimensional time step, AT, of 0 « 25 is too large for speed with Froude
nuinber greater than 5, although such step size appears to be more than
sufficient for low speeu cases. The kernel table used in these calculations
was generated up io T _ = 6.0 (see Equation (96)) back in the past. This is
insufficient for speed fower than ¥ =0 5, while for high speed, a value of
To = 2.0 is sufficient. For an accﬁraey of ar ,roximately 5%, a useful cri-
terion for the truncation time T, of the convolution integral (Equation (96) )
15 to keep integrating until [RXT,) + R2(T) ] = 25.0. Physically, this
implies that effects caused by the c:af?' more than 2,5 crait-lengths ago
are neglected, Such capability can be easily incorporated in the final simu-

lation prograin.

One interesting test computation performed as a check of the results
was the case of zero forward speed. The results for integrating up to T,=6.0
are shown in figure 14, This resembles and approaches the shape of the static
wave profile, which is entirely consistent with the fact that if pressure im-
puises are applied continuously over the same spot on the free surface, the
transients will eventually die out and one is then left with just the static profile.
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c SAMPLE PROGRAM FOR USING VEHICLE-GENERATED WAVES PACKAGE.,
c GEBRNRBEBONS RPWY R/4/74.
¢
€ PACKAGE CONTENTS .., ROUTINES #VGWAVE®, #LDTABL%, #KINSTPZ, #SIMPSN®,
¢ AHD DECK OF CARDS CONTAINING KERNEL VALUES.
g ;ggrgghaoaxue COMMGN - STATEMENTS SHOULD BE INCLUDED IN CALLTNG
COMMON/RNPARM/ALPD (ST oDFLT s NTSoERR, HT
COMMON7/STATUS/AT +BT « TIME <STATF (50,43)
COMMON FXRNL/Z NX(30)s NY(30}4 X(40530)s Y(20s30)s V(40420¢30)
c 1~ NTAUs 7(36)
c DIMENSION FLOPT(S5042)s HEIGHT(S0)s ETANON(50)
€ DEFINE A NUMBF® OF CGNSTANTS,
€ THESE CONSTANTS ARE NOT ACTUALLY USEDs BUT SERVE TO DOCUMENT THE
C GENERAL EMVIRONMENT IN WHICH THF XERNEL TABLE WAS PREPAREN.
€ ALPP=DECAY FACTOR JIN PRESS(URE DISTRIBUTION,
¢ st = BtAM/LENGTH RATIO
¢ 4T = DEPTKE OF WATER /7 HALF-LENGTH RATIO,
€ =QR = ERROR BNOUYD IN GENFRATING TARLE.
ALPP= 314359
ST = .
ERQ = 001
HT = 1.,
C DOEFINE PHYSICAL CONSTANTS OF WATER AND CRAFT.
pnegso= NgmggaL BRESSURE OF CUSHIONs IN LBS/(SA. FT)
GRAVTY = 12.17
PRESZ = 109.37%
c CONVRT = DRFS7/(RHO®GRAVTY)
¢
] C CALL ®LDTABL* ONCE TO LOAD CARD DFCX CONTAINING TABLE
¢ §S§M83”;§3§L'L°'““L° FOR DFTAIL DFFINITION OF VARTARLES IN THE
¢ THE TIME GRID WILL SE BE PRINTED NUT AUTOMATICALLY.
€ IPRINT SHOULD BE SET EQUAL TO 1 IF ONE WANTS TO PRINT OUT THF
c VAngngz THEOENTIQE TARLF, OTHERWISEes SET IPRINT=0.
CALL LDTABL (IPRINT
c DELT = T(NTAW) -T(NTAu-n
; P
¢ GENERATE SOME TYPICAL FIELD POINYS DATA.
C NFP = NO, OF FIELD POINTS,
C ARRAY *FLDPT¢ CONTAINS THE X AND Y COORDINATES OF THE POINT WHERE
C THZ. WAVE HEIGHT IS DESIRED
NFP = G0
X = L1
oY = .5
D0 100 J=1.2
00 160 k=1, 25
KK = (J=1)825 « X
FLDPT (KKol) = 1. =(K=1)2DX
FLDPT (KKe2) = (J=1)40Y
100 CONTINUE
ARITE(642001) {(FLDOPY{KeJdise Jz=le2)e Ky K=}, NFP)
C?onx FORMAT (/7% FIELD POINTSe X AND Y 7/ (2Xe 2F10e4+15))
¢
c DO 400 M=1. 10
C GENERATE SOME TRAJECTORY DATA AND STORE IN ARRAY @STATE®
€ IN THE FOLLOWING TEST-DATA GENERATIONe CONSTANT SPEED IS ASSUMED.
g uusrzaﬁo‘ EF ;éMETSEEPS FOP WHICH STATE DATA ARE AVAILABLE o AND
QU *

READ ngBOﬂi FRNO
IF ( FRNO ,LTe o001 ) STOP
( F10.4)

3001 FORMATY
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WRITE (6 3002) FRNO
3002 FQRMAT '] FROUDE NO, =4 FS5.3 )
SN2 = SORT(2.0)
NTS = NTAU
DO 200 N=1, NTS
STATE (No1) = -SQ29FRNO®T (N)
STATE (Ne2) = 0,
200 STATE(Ne3} = 0,
WRITE (642092) ({STATE(T9J)ed=1e3)s I=1,NTS)
. 2002 FORMAT ¢ 00 STATES WsR.T. PRESENT COORDINATE=SYSTFM?,/
¢ ! ¢ xn9 OR THETA ¥ 74 (1Xe3F10.5 1)
¢
C L2 2 4
. € _WITH FLDPT AND STATE DATA DEFINEN. WE ARE READY TO CALL ®VGWAVE®
€ TO OBTAIN WAVE-HEIGHTS,
C  SAMPLE LOOP FOR USING ROUTINE SVGMAVE*, WHICH RETURNS & NON=
C OIMENSIONAL IZED_WAVE-HEIGHT VALUE,
€ MULTIPLYING BY THE VARTAGLF #CONVRT* WIIL CONVERT RESULT TO
C PHYSICAL UNITS.
C tacss
IPRINT = 0
E c DO 300 1I=1, NFP
3 C IPRINT. IF SET EQUAL TO 1. WILL CAUSE ALL INTERPOLATED KERNEL-VALUFS
; C 10 BE BRINTED OUT WHEN eVSWAVES IS CALLED. IF THAT IS NOT DESINER
3 C SET_IPRINT=0.
3: TANON() "=-VGWAVE( FLOPT(Is1)s FLDPT(1+2), IPRINT)
: HEIGHT(T) = CONVRT®ETANON(
B

c
322’!§ITE (6+3004) Ty FLOPT(Tel)y FLOPT(I+2)s HEIGHT(I)s ETANON(D)

felg!

3004 FORMAT ¢ '0 rIﬁLD POINT NOG% o730
HEIGHT =t¢ FR_ 442X,
L) (NON-DYMENQIONALI?EQ"' FIO 6o )

c

C STATEMENT BELOW SERVES MERELY TO PUNCH RESULTS ON CARDS,
1 %T§ (Ze 3005) FRNOs (Is FLDPT(Tsl)e FLDPT(I42)e ETANON(I)o

3005 FORMAT é 'FP. NO. =%y FR,G4e / (ISe SXe 2F10.4+ F10,6))

400 CONTINU

STOP
END
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FUNCTION VGWAVF( XFPe YFP, IPRINT)

COMMON/RNPARM/ALPP 4ST«DFLT9NTS+ERRy HT
COMMON/STATUS/AT oBT o TIMF 4STATF (50,3)

COMMON /KRNL/ NX{30)e NY(30)s X(G0e30)e Y{20e30)9 V(40,20430)¢

1 NTAU, T(3M)
REAL KSINTP
OIMENSION F(50C:

THIS SUBROUTINF PERFORMS THE CONVOLUTION INTEGRAL IN TIME TO
OBTAIN THE WAVE-HFIGHT AT THE FIELD POINT WITH COORDINATES (XF9, YFP)
BEFORE ENTRY, THE ARRAY #STATE* DESCRIBING THE TRAJECTORY, MUST RF

DEFINED FOR AT LEAST #NTAU® TIME STEPS.
THE COMMON BLOCKX /KRNL/ TS ALSO ASSUMEN TO HAVE BEEN LOADED ALREANY,

IF ( IPRINT .EQ. 1 ) WRITE (6¢ 1002)
IODZIFOQMAT(//3X0 €39, RXe TRX(TAU)®e GXy "RY(TAU) 146Xe *TAU's 4Xo»

DOOCIONCIO

c * KERNEL?® )
F(l) = 0.
DO 30 N=1e NTAU
€ CCMPUTE THE QUANTITIES, Rx(TAU)s AND RY{TAU).
DT = STATE (N+3)
CD = COS(DY)
SD = SIN(DT)
DX = XFP « STATE(N.1)
DY = YFP -« STATE(N.2)
AT = CD*DX + SD*DY
B8Y = CD*DY - SD®DX
RX = ABS{AT)
c RY = ABS({BT
g GENERATE KERNEL VALUES 8Y CALLING KSINTP,
JJ = Nel
F{JJ) = KSINTP(RXs RYs N)
IF ( IPRINT NE., 1 ) GO TO 30
WRITE (6e¢ 1003) No ATy BTy T(N)s F(JJD)
1003 FORMAT { 1Xe T4e 2Xe2F11e39 2Xy FBal o 2X9 F1l0.6 )

30 CONTINUE

C
C CALL INTEGRAINN ROQUTINE
CALL STMPSN (Fe DELTs NTAU+ls ANS)
VGHWAVE = ANS
RETURN
END

s
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REAL FUNCTION KSINTP(RXs RYs N}
INTERPOLATION ROUTINE FOR KERNEL VALUE.
1 g NX(30)e NY(30)s X(40+30)s Y(20e30)s V(40+20+30),
- c INTEGER P, Q
g STEP1.. SEARCH FOR THE INDICES P AND Q.
- 61 = NX(N)
9110 1=3. I1
- IF ( X(PsN)} GEe RX) GO TO 1S
- 10 CONTINUE:
070 S
15 P=pP=2
. i NY (N)
- 20 J=3e. JJ

IF ¢ Yéng) +GF+ RY) GO TO 25

25 Q=0-2

c
g STEP2+. INTERPOLATE VALUES OF 3 Y=-GRID VALUES AT THE VALUE OF X GIVFN.
RP = RX=X(PeoN)
RP1= RX=X(P+} oN)
RP2 = RX=X(P+2N)
- PPl = X{PyN)=X(P+]1,N)
PP2 = . X(PoN)=X(Ps2¢N)
P12 = X(P+1sN)=K(Ps2eN)
Fi= RP18RP2/ (PP #*PP2)
F2= -RP#*RP2/(PP1%P12)
c F3 = RP#RPl/(PP2%P]2)
GO = Fl#V(P,Q oN) ¢ FZGV(FoioO oN) ¢ F38y(P+2,Q oN) E
Gl = FI#V(PeQeleN) « F2uV(P+1eQ+1oN) ¢ F34y(P+2,0+19N)
G2 = FI1oV(Po0+2eN) ¢ F2Y(Pe+1e022sN) ¢ F38V(P+2.0+2N)
C STEP3 + CROSS INTERPOLATE IN THE Y-DIRECTION.
RO = RY=Y(NeN)
RG1 = RY=Y(3+]eN)
RQ2 = RY = Y{Qe2eN)
001 = Y(QeN) = Y(QeleN)
QQ% = Y{Q¢N) =Y (Qe2eN)
Q12 = Y{(Q¢1 N) =Y (Q+2N)
KSINIP= RO&*RQ?/(QQ%‘QQ?)'GO - RQ®=RQ2/7(QQ1+#Q12)*5G] «
1 RQ*RQ1/(002%Q12)+G ]
RETURN
S0 KSINTP=0.
RETURN
END

69
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SUBROUTINE LNTABL (IPRINTS .
C ROUTINE FOR LOADING KERNEL TABLES. H
1C N?gu /??NL{ NX(30)« NY(30) X(“OOJO)Q Y(20+30)s V{(40420:30)
C T(N) = TIME VAl UE. CORRESPONDS TO THE N-TH TANLE.
C NTAU = NO, OF TIMF TABLES,
C X = X=-GRID POINT VALUESO Y = Y=-GRIG POINY VALUES,
C NX(N) = NO., OF X-GRID POINTS IN TABLE N,
C NY(N) = NO, OF Y/GRID POI TS IN TABLE N.
g V = KERNEL VALUE,
1001 FORMATY ( IS)
1002 FORMATY (25X, F10.5)
1003 FORMAT ( 32Xy IS5 /(BF10,5))
1004 FORMAT (8Xe 9FB,.4)
1012 FORMAT (//v KERNEL TABLE FOR TIME =¢t, F10,% - 4
10131F?gg€g é ;) X GRIDs NO, OF GRID POINTS =1 150 Ze 32Xe 15/ -
1023 F?gﬂ%g é ;’ RY GRIDe NO, OF GRID POINTS =, IS, 7, 32X, IS/
C
READ (S«1001) NTAU
DO 10 N=]e. NTAU
READ (S¢ 1002) T(N)
11 READ (Se 19n3) Ils (X(I«N)s I=1s II)
12 NX{N) = 11
READ (Se 1003) JJs (Y(JeN)s J=1s JJ}
13 NY(N) = fJ
¢ IF { IPRINTY NF. 1 } GO TO 15
WR1ITE(6+ 1012) T(N)
WRITE (69 1013) Ile (X(IeN)y I=1le I1)
c WRITE (6¢ 1023) Jds (Y{JeN)e J=ls JJ}
15 DO 20 J=le JJ
READ (Se 1006) ( V(IeJdoeM)e £=IQ In N
3 IF ( IPRINT NE., 1 ) GO TO
e WRITE (659 1004) ( V(IedoM)s I=1l0e TII) i
3 20 CONTINUE £
7 10 CONTINUE H
= WRITE (69 1005) NTAUs { T(N)e N=1, NTAU)
= 1005 FORMAT ( 2Xe ISe * TIME GRID VALUES AS DEFINED BELOW..'s
= 1 /¢ (BF10.,4 ))
= RETURN
- ND

=5
3
=

3

KT e T

Y




NAVTRAEQUIPCEN 73-C-0138-1

Ny SUBROUTINE SIMPSN_(Ys H. N R)
REAL _ Y(1) s SEeSOs R
Mz (N=3) /2
0=0,
- £= Y(2)
F (N (EQ. 3) 6O TO 15
0 10 “I=i,

SO Y(?"I*
%E ¢ Y{(2%]e )

~ 1
1 (1) +Y(N) ¢ 4,8SE + 2,%S0 )/3.

SO =
0 SE =
5 R= H®

RETUR
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The Interface Between Vehicle Kinematics and the Computation of Vehicle- Z
Generated Waves. Determination of the vehicle-generated wave system )
requires a knowledge of the past path arnd orientation of the venicle. This = .
section ouatlines two mathematical manipulations required to provide the
vehicle-generated wave package the necessary izformation regarding the

vehicle's trajectory: (1) conversion to the coordinate system used in the
vehiclelgenerated wave subroutines and updating the records with most re-

cent motions; and (2) providing this information in dimensionless form

and at time increments as needed by the vehicle~-generated wave subroitines.

Apilin dnw

The first operation is accomplished by the subroutine UPDATFE whose
argument list contains newly determined incremental changes of the vehiclets
position and orientation ir the horizontal plane, as measured in ihe coordinate
system fixed at the pilot's location. This routine vpdates the dimensional
records of the vehicle molion which is maintained in the coordinate system

used in the analysis of vehicle generated wavzs. The pilot based system

3 has X1 forward, X2 starboard and X6 (yaw angle) measured positive from

= the X1 axis toward the X2 axis; the system used in the determination of

5 vehicle~generated waves has X forward, Y port and 8 yaw angle measurasd
positive from the X axis toward the Y axis (figure 15a). Because the coor-

2 dinste system in which the motion records are maintained is continuously
changing (fixed to moving craft) the entire record neads to be updaied at each
time step, This can be seen clearly in (figure 15h).

o 4 W g WL g W
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During a time interval between time t and time (t+At) the integrated
equations of motion will give an incremental change of X1, X2, and X8,
say DX1, DX2 and DX6. From these subroutines UPDATE first determines
corresponding changes DX, DY, DD according to:

!l ‘ib“, h ‘w,mnv

s

Hant
JLk

DX = DX1 + 30,0 ~ 34,9857 cos (DX6 + 0.54042025)
DY = -DX2 - 18.0 + 34,9857 sin (DX6 + 0, 54042026}
3 DD = -DX6

ol A R e

The equations refiect geometrical relations best explained Ly refer-
ence to figure 15a. The rext operation refigures the motion history in the
new coordinate system located DX ahead, DY to port and rotated DD to port
from the old system. This record is kept in the array DSTATE (100, 3)
£ where the columns, left to right, contain the x position, y position and yaw
angle of the vehicle at a number of time intervals into the past corresponding

bl iy il 1 Y

£ to the row number, (Note thai row "0" isn't needed since the three values
there are by definition zero.,) Duriung each time step, the coordinates of
a previous point on the trajectory makes one step down the column. The
oldest entry is always lost. Using ezpressions for the shift and rotation
of a coordinate system's origin:

13 6t ot b o i ot

]
Ll ), ap Aita

P 8

72

AR

I ) g 0 ) o 20




ol T TITETA e o n . T e LTI g U0y RN o Ui s TR T T T T T s 0 G e AL SR DI PR 8 gy

e " , {

E?%%gﬁ A %ﬁeﬁ%xégiggg% AR 10 WA 3 4,0 ARG B0 R+ 8 ) , v e N g
|
|

o ]
] o ]
" “
w & 8
i . 3 |
m P
] S
i ac__ , [ - =
. T = * R S
0 | | | SO 5]
» |
- | | _omm L
) I | 5. -
I | | _ _Bmx .m.
3 _ o ! l2Ze =
= _ _M | _ _mm} A
Z " _ ! _ z83 ¢ F
3] 1 | | £ |E B>
= _ x| 5% | N _ME w :
5 | | S ' \ 229 .
[ { | \ I'= W
m —— I DE =
oL i | \
= _ - ! | I
= 1 _ _ _
J > ¢ _
g - _
. | Y S Y ,
— - ]
_ _ . b
] l.l....L!W!IJ_ o___.. - Q
I | 5
. A | =

PR P N .o - )
e % el i A




£
i
3
3
£
23
£

Ay

AR W S A 5

bl

bbb

NAVTRAEQUIPCEN 73-C-0138-1

X b (Xol a- DX) cos (DD) + (Yol d- DY) sin (DD)

new
Y o = ~K 3q - DX) sin (DD) = Y  , - DY; cos (DD)
enew Gt DD

where

X = DSTATE (i +1,1), X

new old - DSTATE (i, 1),

Y =DSTATE (i + 2,2), Y ,, = DSTATE (i, 2),
new oid
enew = DSTATE (i + 2, 3), 601 d = DSTATE (i, 3).

The array DSTATE is updated during each time step of the main simulation
and entries are maintained in feet and radians.

The second operation is performed by the subroutine INTERP. This
routine uses array DSTATE to produce array STATE, which differs in two
ways. First, the entries are made in "natural” length units "a" (vehicle
half length) and in radians. Second, the time increment is changed to
correspond to the dimensionless time used in the vehicle-generated wave
package and the time increment between all entries is not the same. Be-
tween entries in rows one througb four the time increment is 1/8 of a
"na " time unit Na/g (a = vehicle hailf length; g = gravitational acceler-
ation). Between rows four and five (and thereon) the time increment is of
a time unit.
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SECTION IV
'LOGIC FLOW ¥#OR ACV MATHEMATICAL MODEL

Initialize for Stopped Craft

Y

Set up seaway characteristics

D

Get wave ni, i= 1, 35 for

seaway from OCEAN

Relative Wind
Equ 60, 61, 62

Get Nozzle angle ¥, Rudder
Angle RANGLE, and Prop.
Pitch angles

Egn 11

¥gn 13, 14

;‘
LGet Prop Torques and Powers 4

-

et Fz2n Torques and Powzars
Egqn 29, 30
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1

Use engine characieristics for
engine torque output

Ban 22 to 27

Update engine RPMS
Eqn 31, 32

Calculate cushion volumes

Egqn 37, 38, 33

Calculate wave pumping
QPUMPi, i=1, 4
Egqn 39

Calculate skirt depths
Eqn 40, 41, 43, 43

Caiculate skirt he:ghts
above water; CLRi, i=1,35

Egn 44

Calculate flow escape areas
Egn 35, 36
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{

v

Calculate cushion pressures
and flows
{ Egn 48 to 52

Calculate vehicle generated

wave heights & sum withk seaway

]

bRt R
S

Egqn 54

35

N
R

e

»

pid

Wave forces
’ Eqn 55, 56, 57
¥

e
1

G i et

4 L4

L

Pressure forces
Eqn 58

Spray and seal forces
Eqn 59

Momentum Drag
Eqn 64 to 69

LI s e 0 s S i i O o S

— G——

Sy

Wind Forces
Eqn 70 to 77 :

Duct Forces

PR TE L T T

Egqn 78 to 83
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|

Yaw Damping
Eqgn 84

Rudder Forces
Egn 21

*

Thrust Ivozzles

/' Eqn 16

Prop Forces
Egqn 15

Gravity' Forces
Egqn 10

Sum Forces

Egn 9

Equations of Motion
Eaqn 5

Integrate for new velocities
and location

j Eqn 6, 7

RETURN To 1 OR STOP
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APPENDIX A
% SOLUTION TO THE HYDRODYNAMIC PROBLEM OF A PRESSURE
o DISTRIRUTION MOVING WITH ARBITRARY SPEED

ALONC AN ARBITRARY PATH

The following summarizes all the important mathematical details on the
formulation and soiution of the problem of a pressure distribution moving in
any arbitrary manner in the horizontal plane, The craft is allowed to have
any speed and any heading angle, The assumptions are that:

a. The fluid is inviscid
b. The flow is irrotational and potential; and,
. c. The waves generated by the motion of craft is small enough so that
the linearized free-surface condition can be used.

1. Coordinate Systems and Other- Definitions

%X, ¥, 2z are coordinates based on inertial frame of reference

x', ¥', 2' are coordinates referred to a moving system which is mounted
on the craft, Location and orientation of this system is given
by X(t), Y(t), &t)

z axes point upwards

Trajectory is gwen parametrically as function of time, t:

X(t) = f U(r) dt = f [c (r) cos &7 - c (1) sin$] dT, (103)
Y(t) = f V(T) dr= f [Cx(‘r) sin 8(7) +cy (1) cos 8} dr, (104)
0 0
Cx =Ucosd +V sin$, (105)
cy =-Usind +V coss. (106)
81
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Relations between the two systems are:
&= £'cos &(D - M sin §(T) + X(7). (107)
N=-£sin 6(:;-) + N cos §(T) + Y(T).
and
£ = [£- X(t)) cosd + [7-Y(W)] sins, (108)
M = -[§-X(t)] sing + [n- Y(t)] cos§.

2, Formulation in the Inertial Coordinate System

The pressure distribution in the moving coordinates is assumed to be

given as p{é, n', T) in general, in the inertial system, p{{, n, t). The region
in which of p(§,n , t) is nonzero. changes with time. The fluid is assumed to

be of a constant depth h, and density . Define the velocity potential
=@(x, y, z, t), then continuity equation gives V2= 0,

Boundary Conditions

On Free Surface F: (z = 0)
¢tt(x: Y. 0: t) +g¢z(x: Yaon t):'pt(x: N t)/p- (109)

On Bottom, B: (z = -h)
¢Z(x’ Yy -h: t) = 0- (110)
Here, g is the acceleration of gravity.

These conditions occur very frequently and derivations are available from

any text book on free-surface hydrodynamics, See for instance, J.J. Stoker

(1957, p. 191),

-

Initial Conditions

¢t(xa Y, 0: 0) = "g;(x: ¥y, 0) = P/p (X, Yy 0) = 0, {111)
C9,%, ¥, 0,0 =4.(x, y, 0) =0, (112)

I.,E. No initial'disturbances except a static deformation of the /ree surface.
Here {is the wave-height,

3. Solution in terms of the Time-Dependent Green Function

As usual one starts with Green's Theorem for ¢

e (x, y, 2, t) = js[G(x, ¥, z: 6,1, 45t Y, -9 G lds, {113)
FUBUZR
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where
%= (56?, , &-r % Gis a Green Function with a 1/r
v

singularity, and ZR is a large vertical cylinder enclosing all the disturbances,
It can be shown that the integral over 2, vanishes in the limit as R, the radius
of the cylinder, approaches infinity, ang after a number of operations™ on (113},

we may write:

t .
i, y,2,0 = 2 [[agan J ey apnonopdnn. a1
~00

In arriving at (114), we have made use of the inital and boundary conditions
of § and have assumed that G satisfies the following properties:

G = llr +H(X,y,23 6,?),;,1:,7),

v2G = 0, for (x,y,2) =(&,1,2); V°H = 0,

1 -
Gt- ‘g"Gtt - 0 - 0)
Gplx,y,2; .71, -hs t,7) =0,
Gx,y,2: §,m,8, t,1) = Gylx, 3,23 §,7,5t,1) = 0. (115)
Basically, G satisfies the free-surface, the bottom boundary conditions, and
two initial conditions when the source is brought into existence at time equal
toT., The Green function was first derived by Lunde (1951), [by Haskind
(1946) for the infinite depth case]} and is available from Wehausen &

Laitone (1960, p. 494).
In the present notation, the Gr:zen Function takes the following form:
I w-kh cosh k(h +{) -
Glx, y, 25 & 51, Ty) = 1/r +1/ry - 2d e

cosh kiz +h) J, (kRYdk + 2 dek‘/g_k cosh k(z+h) St drt
0 o cosh? kh, /tanh kh

sin [Mk) (t-T)] cosh k(h+{) JO (kR)

—
“see for instance, J,J. Stoker, Water Waves, 1.9, p. 187,
Interscience Publisher, 1957,
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where
2 2 2 E
r2 - (x-€) +(y-m" +(z-0)",
2 2 2 2 2
rg={x -~ & +(y-m" +(z + )7,
2 2 2
5 RO=x-£&) +(y-m), E
Y(k) = gk tanhkh

: and J, is the Bessel function of order zero. For our application, we are

E conceg‘ned only with { = 0, and G therefore simplifies to

- ]

% . ) . j cosh k(z+h) o ...

E G(x, y, z; £, n, 0; t, TO) = 20 dk BTN [1 - cos 7)) (t ro)]

3 3, *kR) dk, (1iT;

Differentiating this and substituting it into equation (114), we get the

3 following equation for ¢(x, y, z, t):

Lt ] I"
®(x;ys Z, t) = — dT dqup (fﬂh T) dk
2P % S(t) t 0 )
cosh k(z+h) sin,-T)
k —oh e Jo(kr) (118)

L

4, Solution in the Moving Coordinate System

gl ol
ity

7
il

Since p(£, M, T) can be expressed as p'(£', 7'} in the moving coordinates,
in which the integrals over (£, 1) do not have limits depending on time, i is
more convenient to write (118) in terms of x', y', z!. Using the coordinate
transformation developed earlier, and noting that in the moving coordinate

system: .
30 _ 3p', 3pRE’, dprane (119)

ot ot SFort  Jn AT’

gt b A S

it can be shown that after some fairly straight forward calculations:

t ° 3

-1 j ﬂ sinY(t-1) chk(z+h)$ e

Ly, t) = = )} dwd _ de'd
P g § TRINTS T Taw AW

;g‘;’ - ip"(&, ', 7) =[w(U(T) - (£ sind +7 cos8)8) + ul(V(t)

+ (f‘cosS'v“ Sins)é)]; = ei“, [X(x‘:Y’, t) - X (§‘: ‘n" T)]

+iu [Y(x',y', 1) - Y, 7,7 i=Vaa {120)

‘{Iffﬁl.'uwm IR Y R R R STy
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where

X{x',y',t) = X' cosd(t) - Y' sind(t) + X(t)
Y(x',y',t) = X' sin8(t) + Y' cosd{t) + Y(t). {121)

In arriving at (120), we have used an iategral representation of J (kR)
to convert the k-mtegral to the w-u double integral, Here

wz +n2 = kz.

Equation (120) is the solution te the problem of an arbitrarily movmg
and spinning craft. This is the analog of Equation (2-21) of the report by
Doctors and Sharma (1970), now extended for 3 degres of freedom instead
of just rectilinear motion.

Note, if the pressure in the movmg system is nortime dependent, the
first term drops cut, Note also i{§=0, & #0, this reduces to a solution
correspo to purely translaticnal motlon thh a drift angle but no

spinning, I we had formulated the problem in the moving coordinates,
Equation (120) will be the solution, A good check will be to start with (120)
and see if the free-surface condition in the rotating system will be satisfied.
The free-surface condition is the version linearized with respect to dis-
{ turbance caused by p; no linearization with respect to the smallness of angular
— rotation is necessary,

5.General Expression for Wave~Height

To obtain the wave-height, one simply uses equation (111) now, [RHS=0]
which relates the wave-helght to the time-derivative of the potential, but
must bear in mind the meaning of the time dﬁfeégentxatzon in a moving frame,
Upon performing an integration by parts of the term, with respect totr, we
obtain the following simplified expression:

Sx', y', 1) = —-Z—E;w dul} d¢' d7' p*(£',7',7) cos Yt Exp 1w[X(x y't) £
S!

t
+ iu[Y(x', y',t) -71}- ?_. dw d Sssde* dn' it
iu XY, ﬁ W gu % [+]

p(€, ', T) Y- sin ¥ (t-7) = Exp{iw [(x',y',1) - X(£', 7', 7)]

+iu [Y(x', y,1) - Y(&, 7,70}, (122)

with X(x,y,t) and Y(x', y',t) defined as before,

: !
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This expression has the advantage that one only needs to, keep track of X(t),
Y(t), and § (t), instead of, in addition, C_(t), C_(t}, and 3(t). Equation (122)
is the wave-height seen in the craft's frame, wave generated as a result of a
given history of motion prescribed by X(t), Y(t), and &(t).

To evaluate some of these integrals analytically, we must now know the
functional jorm of p'({', 7', t).

Functional Form of the Pressure Distribution

Equstion (122) ic a quintuple integral. The (£',7%') integration corresponds
essentially to taking the two-dimensional Fourier transform in space of the
pressure-distribution function p(§', 9', 7). The (w,u) integrals correspond to
the inversion of the transforms, and the time integral represents an inte-
gration of the effects created by the craft's trajeclory and orientation in the
past, It should be noted that for the cimulation problem being considered at
hand, ' it is impossible to calculate the time integral ahead of time, This is
so because the trajectory and orientation of the craft depends on the actions
taken by the pilot, actions which are unknown before the simulation,

Because of the immense generality of the problem and complexity of the
integrals, it will be to our advantage to be able to perform the (§',%') integrals
analytically, We ciggest here adopting the hyperbolic-tangent distribution
usad by Doctors and Sharma (1970). The functional form of p(¢', %', 7) is
given by

@r‘u‘“ 4.

x[tanh B( (123)

ol

b ' b
+§)-tanhﬁ(g- iy )]

where a, 8 are diffusion parameters in the longitudinal and the transverse
directions respectively; the larger they are, the closer the shape is to that

of a step distribution. a, b in (123) are the half-lengths and half beams of the
craft respectively. P(7) is a time n.odulation factor which can be and will
later be set egual to 1,0 if the pressure is assumed to be nontime dependent
in the craft's frame, ana Pg is the nominal pressure, For this distribution,
Pg is given by

Py =A/4ab {124)

where A is the dispiacement of the craft,

With this assumption of the functional form of p(£',% '1) the (¢', 7')
integrals can be evaluated analytically, as done earlier by Doctors and
Sharma (1970, pp.37-40). The result is
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£ 65
}w p E',’?‘,)ei [(w cos8+ u sin8)¢% (-w sin8 + u cos 5)m ] d&' dn
)
'"'2 pGP(ﬂ sin »w'. sin bu'
= : » {125)

*B " sin h@E) sin h (Bp)

where the notations
w'! = w cos § + u sin§,
u'=-w sind+ucoss, {126)

Lave been used, bearing mind w and u are variables of integration in the next
step.

Next, substituting (125) back into (122) and changing variables of integration
from (w, u) to (w', u') as defined in (126) we get .

(xlg ')t) - - C
4 Bol %8 P(0) K~ [R_ (1), Ry(t), t}

t
- j * arP(r) KO [R_(t-1), R_{t-7), t-T!, (127)
0 x y

where the Kernel functions are defined as follows:

C )‘Sw . . .
K _ ' iw'R_ + iu'R_ [ cos ¥ t\sin(aw')sin{u'd)
KS (Rx, Ry’ t) _-co dw' du’ e x ¥ ésin y t)
‘agsh (3w )Shighu')
with " (128)
y= VoK tanh kb, L
C

It can be seen that K~ and KS are functions of three variables for given values
of aand 8. Also, the quantities R_{t-T), R_(t-7) are merely symbolic since
they do not depend explicitly on the*combination (t-1). Physically, they have
the meaning of being the x- and y- coordinates of the point {x!,¥y') in the craft's
system at time equalst, expressed in the coordinate system of the craft at
time equals to . For a given set of (x',y') at time t, R_{t-T} and R_(t~T)

may ther be calculated as follows: x ¥

R = [X(x', ¥, 1) - X(T)] cos (i) + [¥(x', y',t) - Y(7)] sin &(1),
Ry = - [Z-X(D)] sin §(7) + [¥-¥(D)] cos 3(D),

where (x,y) are given by Equations (121),
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It is worthwhile to point out at this point that a good choice of the values
for @ and B are @=8=5,0, As discussed in Doctor's a2nd Sharma's report, this
: choice though appeared arbitrary, provide two advantages. First, it effec~
= tively eliminates the unrealistic hollows and humps of the wave resistance curve
= at low speeds. Second, the computational efforts involved in evaluating
= the wave-number integrals can be reduced c«*:asxdarably because as_can be
= seen from Equation (128), the decay factor is dependent on T and _5 for
= the (w-u) integrals.

i

i gt s Y (R

a0

[ il v

7. Nondimensional ¥xpression for the Free-Surface Elevation

Equation (127), developed earlier for the free-surface elevation, consists
of two terms, The teria associated with the function KC can be thought of
as the wave system generated as a result of the initial buﬂding up of the
cushion pressure. This system of waves can be neglected iif the forward
motion of the craft does not occur "immediately" after the build up, If the
first term is neglected, what 1@ left then is a convolution integral in time
involving the Kernel function K°. This integral can be evaluated ii the
quantities X(t), Y(t), and &(t) are given,

by

) AL “1‘”\ i

In actual computations, it is much more convenient to use a nondimen-
sional form of Equation (127) ard measure time { wiih the present being
equal to zero. Therefore nondi.nensionalizing all physical lengths by the
craft's half-length a, aad time byv‘a?g, for example,

bW v £

X =x'fa
% =w'a
‘{ = it~ T)
5 = fEtankfz' (h/a). ) , etc., (129)

(Al

vlwl i

s(; 7.t = 0) = {x',y", )/ (pyl 4pg)

= Ir d¥P® K° (Rx, ﬁv, ) (130)

3 ~1g N

4 where o .

S e Sin wsinu &

2 KS@{X R, D H ¥ ot R L g (131)

afsh@T)shifl). i3
with
a‘éxf‘: ) = [X'-X(7)] cos S(r) + [Y'=Y(T)] sin 8(7),
3 -
aRy(z) = - {X'-X(1)] sin 3(r} + [¥'-¥(1)] cos S(). (132)
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3 In writing down (132), we have assumed that X, YD), 8(T), are
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given in the craft's present coordinate system. In other words, X(r-=0) -
Y(¥=0) = 8(¥ =0) = 0, X(T) and Y(?) are negative if the craft is moving
forward and swaying to port; and3(7) is positive if the craft is turning o
starboard. In so doing, we can dispense with the inertial coordinate sys-
tem used earlier in formulating the problem and it is then only necessary
to know the history of the trajectory and orientation, measured relative
to the present position, rather than the absolute value ineasured in an

inertial frame.
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APPENDIX B

THE XERNEL FUNCTICN, KS(RX, Ry,t)

In this appendix, ma;chematical and numerical techniques for eval-
uating the kernel function K (R_x’ R_,t) are described. Consider the double
integral defined by eqn (131) of app%nuix A,

. . b
sinw e+ sin~u
] a

i +
ex[wa uRy .y sin Yt -

(2]
s [

2B
Here for simnplicity of notation, we omrit ail the titles above the dimensionless

variables with the understanding that all quantities under consideration in this
appendix are dimensionless,

afBsh (;—f%) sh (

THE K° INTEGRAL IN POLAR COORDINATES. Assuming o =8, i.e., the
diffusion parameter is the same in botk longitudinal and transverse directions
and writing the (w, u) integral in polar coordinates (k, 8 ), we have

cos(kR_cosé@)sin(kcos9 )cos(kRysinG)sin(k;L sin @)

/2
KS(R SR _,t)=4 f:deSinYt de 5
x Y Yo “o a” sin h (k'cos g) sinh (k'sing)

where (133)
o= b/a = beam to length ratio (134)
a' = T[2a = a decay factor, characteristic of
_ the distribution
k! = a'k .
Next, we define:
_ 2 + 2.1/2 .
le = [(Rx+1) +(Ry -un) ’ j=1,2
_ 2 + 2.1/2 .
RZJ. = [(Rx 1) +(Ry-#) ] ’ j=1,2 (135)
+
-1 R -p
Y. = tan ~ (L— , ¥=1o., 27].
ij +
Rx -1

Rij and wij are, basicallj, polar coordinates of (Rx’ Ry) referred to the

s .
four corners of the craft, K~ can now be written as follows:
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=Y OQ
~e

i+
; K*RoRLb= § K5 7o sy {Z Z -0, Ry 9, ) (126)
3 -0
where
* . 9k, R - _J:_jrlzda cos [kRcos (6 -¥)] - cos [kRcos {g+¥) ] (137)
- i 2 S h (k' cosg) sin b (' 5inf)
\' Our immediate task, cvidently, is to be able to compute the theta~-integral
defined by (137).
e THE THETA-INTEGRAL Q(k, R, ¥). E can be seen from (137) that the
: Theta-Integral is a hlghiy oscillatory integral, particularly for large values
of kR, The magnitude of the integrand, however, is exponentiaily small for
= large values of k'. To avoid handling this oscillatory integral numerically,
it was found that the following Bessel series expansion yields 2xcellent
= accuracy with minimal amount of numerical computations:
00
: Qk, Roy) = (1 C_(k) 3, (R) - sin 2n¥ . (138)
izx;} n= 1’ 3 5. » e

where J211 is the Bessel function of the first kind, of order 2n, and

T 2 .
ey = al sin 2n8d @
Cn(k ) 4f; sin h (k'cos@) sin h (k'sinf8) °* k'# 0. (139)

This ccefficient, in general, has to be evaluated numerically, but is a function-
of two parameters only, n, k'. The Bessel functions can be computed by
standard mathematical libracy-routines.

-

Because n is odd in (138), one sees immediately that Q(k,R,¥ ) is an
=B even function of about ¥=1/4; 57/4; 97/4, and 117 /4. and odd abcut ¥= 0,
: T/2; 7; 3w/ 4. For example, we expect the behavior of Q as a function ¢

z as follows:
A
VT’\LA L .

10 % T Y W

g The behavior of Q in [0, 7 /4] defines its entire behavior completely. The
number of terms that one needs to take in (138) wiil depend on the magnitude
of kR, To estimate the number of terms required, we note that for a given
value of z, a large~n approximeation for Jn(z) is:
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1 ez n
J(Z)zx — {(5— ) (140)
\:’E‘;n 2n
Hence, n can be so chosen that
—-log (27 n) + n log (——--) < log e (141)

where ¢ is a measure of the truncation error for terminating the series
with a finite number of terms, e.g., <= 1076, It is also evident from (140)
that n in (138) shoula be greater than (ekR [ 4).

Analysis of the coefficient C (k‘) indicates that Q’k, R, ¥ ) behaves
approximately as follows:

o

—-—l——— z C (k') J (kR) sin (2n¥), (142)

Q(k’RS‘p)‘b mhk' n=1,3 5..0

where C; (k') is "almost" a constant function of k'. Note that Q decays like

1/k'ek’. The advantage of (138) lies in that the oscillatory behavior of Q
is kR is completely contained in the Bessel functions.

b,
£

* It may be shown that C (k') has the followmg asymptotic form for -
large value of n:

1
1 =
lim C (") = o

. -s k'z
{ntanh (%’;r—-) - 2" 1;—- *sin 21:- sS-‘l ¢ 7 } (143)
2
(25+1)% (i’f)

which indicates that C_(k') approaches a constant. Such
behavior is to be expected bacause this irtegral is reminiscent of the more

well-known integral .

T
f/% Snnd 49 7 foralln = odd (144)
sin 28 2 7’ :

It was found that this asymptotic formula is exceedingly good for n>10. In
practice, for low values of n, Simpson's rule was applied to evaluate C_(k')
numerically over a range of values of k', (k'= [.001, 125.] ). For each’
value of n, the function Cp(k') is fitted with a spline curve, and the spline
coefficients are stored on cards. This idea results in 2 substantial saving
of computation time., For large values of n, {(n>10) the formula (143) is
used, Only the first term in the approximation was necessary. Having
determined the number of terms required in the series, and having gene-
rated the Cn{k'), n =1,3,5,... either by interpolation, or by using (143),
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we reduce the calculation of Q(k, R, ¥) to merely a summing process
as defined by (138).

The routine package, Q24, described above puts into practice the
technique described herein. It also takes advantage of the fact in the double
sum of (136):

oo

2 ...
. s § «y I, R, ., “"-)'E C, (k" - {Z Z‘J kR, )sm(Zn“’ - (148)
1] 13 -~
1.1 ]Cl n‘1,3,50.o i

‘Thus redundant calculations of Cn(k') can be avoided.

H NUMERICAL COMPUTATION OF THE K-INTEGRAL. To obtain the values
' of K®, it is necessary to integrate the Q-function with respect to k. In

practice, the infinite upper limit has to be replaced by a finite value. Since
: Q(k, R, ¥), according to equation (142), behaves approximately as [k'ek']"1
¥ for large k‘, we may estimate the truncation error € , incurred as a conse-

i quence of stopping the integration at kg, by the following formula:
O <= fol:7'sin7t die -‘"( )(2a 1/2 ; eX'g
y “a2 ko k'sinhk!
_ _(146)
) 1/ 2 Zako .

o M O, g 1

For a value € = 10”4, k_ amounts to 31.8, which yields a maximum value of
k R = 750, if R is less ¥han or equal iv 23.5. The value k_R is important
because it determines the number of terms required in the Bessel series
defined by equation (138). .

The integrand of the k~integral defies simple analytical description.
Oscillation arises from both the sin at term as well as from the function
Q(kR). It was observed that the period of oscillation of the Q-function is
approximately 2, with respect to the variable kR. This is merely an
approximation because this function is hardly sinusoidal. In order to mini-
mize the number of evaluations of the integrand, which requires a consider-
able amount of computational efforts, it is necessary to have some know-
ledge of the approximate separation between, say, successive peaks. The
following model was found useful in subdividing the interval k=[0. ,k } into
a number of subintervals.- Let K* satisfy the relat10n°

ALK Mo
S L R e b
L]

o

3 ; k* [ tanh k* (h/a) = 1.5 (147)

then for k< k*, an approximate ""period" of oscillation P, is given by

93

i

l




NAVTRAEQUIPCEN 73-C-0138-1

= *

p.=27m/ R +VR 1, (148)
- 1/2 ~
where R [Rx + R ] h is the water-depth/ half-length ratio, and

t is the nondlmensmnal time parameter in the kernel. For k>k %,

p=27 [ IR +t/VE ] (149)

3 In each of the subintervals, determined either by (148) or (149), the
Gauss-Legendre quadrature formula is applied. This was found to be the
most efficient means of performing the k-integral numerically, without
having to have to sacrifice accuracy. For an absolute accuracy of 10-%
3 quadrature formula of order 10 for k<k* and of order 7 for k< k* were
found to be acceptable for this purpose.

Idh‘vl‘ ,“‘ ‘r'k ‘v“!"h

TABULATION CF THE KERNEL FUNCTION, KS(Rx, Ry, t). In the dis-

cussions above, we have outlired the numerical procedures for evaluating K.
The computations are so involved that real time evaluation of K is beyond the
question. The approach we suggest is to calculete ana tabulate this fuaction
before the time of simulation. This table, which is three-dimensic.al, can
be stored in memory and then an interpolation procedure, as detailed in
Section IV, can be used to obtam the proper value of K5 For convenience,

we recall the definition of K°:

KR, R, 1) = 45 ﬁl:k)'sm)'t[yZ( - IQur, pak ¥l (150)
[+
where o4
Q(kR, k', ¥) = —21 3.5,.Cplk") 3, (kR) sin 20 ¥, . (51)
Y(k) = Vktanh k(h/a) , (152) -

and R;., ¥jj, are given in terms of R, Ry by equation (135) above. The
phys;c;l meaning of K8 is as follows: If an impulse pressure-distribution

of the shape given below is apphed on the free surface at time equal to zero
in the forin of a delta function, K (.Rx Ry,t) describes the respeonse at the
time t, of the free surface located at (R_,R_). The free-surface elevation,
{, is given by -(po/ pg)K Therefore, f(* Ys proportional to the wave height
and contains all the response characteristics of a fluid with a constant but
finite depth. From this interpretation, ciuie sees immediately that the region
of nonzero disturbance wil! grow in time. According to linearized water-
wave theory, we know that tne wave front, the wave with the longest wave-

= length, will propagate the fastest and that the maximum speed is at most
\/gh, where h is the water depth,

““uu" HUAEELR A
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~
In nondiinensional form, this speed is: V = (hf a)ll 2. Thus, for a given value
of t, one may estimate the size of tbz region in which K® is nonzero as follows:

e NS
P

it
pail
et

e

3 By

= Cd

= R =Vt
;;f . [s]

| ®

>» R

< X
If the pressure distribution had been a step function (x,,,” y.j=(1.0, #). For
the distribution that we have used, a good choice is (4., 2.5).

The program TABKS, a listing of which is attached, was developed
for the purpose of generating the Kernel function K5, Referring to (150),
vwre see that the important physical parameters are: )

1 et [ | NTR
MBI .F‘m,ur 4

1‘14’

-

= T = water depth to half-length ratio
@ = diffusion parameter of the distribution
_ ¥ = beam/length ratio of craft
L’} In addition to these quantities, we must specify the array of values of
Ry, R, and t, for which the function KS is to be calculated. The computer
pro TABKS readyin the array for t, TMS, the array for R,, RS, and

the array for Ry RY. k _, defined by equation (146} is then determined by -
calling the routine FINDKO. Next, for each combination of the values of
R;.Ry and t, routine INTDK2 is called to evaluate the k-integral according
to the steos described above. The results, i.e., the values of K5, are then
punched cut on cards (File #7). Two options are available for using INTDX2.
If the parameter IACY is set equal to 1, an accuracy of approxiraately -10%
will be used as criterion for calculating the k-integr'ls. This option. is use-
ful when some rough ideas about the behavior of K” iy desired. If IACY is
set equal to 2, accurate calculations of more than 1% accurccy will be per-
formed, and € in (146) will be set equal to 10-4 for the determination of k.
Evidently, in order to obtain the integrand for the k-integral, the theta-
integral, Q(k,R,¥) must be evaluated. This is achieved by calling the
routine Q24 (see the fourth to last statement in routine WNING), which is a
major compcenent of the Q24 package detailed in the last section of this ap-
pendix., On an IBM-370 model 65 machine, typical computation time for
each value of K° ranges from 0.5 10 5.0 seconds depending on the magni-
tude of the values of R and t (see eguation (148) ).

P e L 4 S Y TV L AN

SRR A W‘[F'EFM'\, T Bk m i e m
r ‘ 4 oy (K Wb e L TR TR T Ll | d
. Al (AN 1, S L e R R i R I
! i bRk i A
i ‘ﬂ”
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In figures B~1 tc B-13, we have plotted graphically the bebhavior of
K° vs. R_, for different values of R_. Each graph corresponds to a dif-
ferent vafue of the nondimensional ti;ne These values were generated using:
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whicn is applicable to the ACV being considered, The hump speed corresponds
to this particular geometrical configuration as approximately 15.0 knots. The
table was generated for time-values of t=0.125, 0.25, 0.375, 0.5, 0.75, 1.0,
{0.25), 6 9. In the notation of Section IV, AT is 0.25. The range of R,
values was chosen to include the entire region of nonzero disturbance, How-
ever, the range of R is only [1., 1. 5]. Hence, this tahle is not sufficient
for the application o?, the general case of a radical maneuver, which requires
R_ to have the same range as R,. However, a small amount of si.ay and

w is permissible.

The following points will be useful for future preparation or extension
of the kernel table:

a. A grid spacing of Rx’ or R_ of 0.1 is quite sufficient if linear
instead of parabolic interpolation is uged in the procedure described in
Section IV. More sparse grid-spacing can be used if higher order inter-
polation function is used. This becomes a tradeoff problem between the
storage regquirem=nt and the available computiational time for performing
the convolution integral during real time simulation.

b. The value of the kernel function, K°, varies from 0. to a maxi-
mum value of ¥ 1.75. In general, it is sufficienily accurate to round off the
value of K° to the fourth decimal place. Therefore, instead of using a
REAL#*4 variable to store KS, an integer variable of 2 bytes, i.e., INTE~-

GER*2Z, is sufficient. This will ameliorate the situation of storage requirement.

c. Storage space can also be saved if one makes use of the fact for
small values of t, the table~size is smaller, Hence, a three-dimensional
array such as V(50, 50, 40) (see Section IV) will be wasteful in storage allo-
cation. A better alternative will be, for example V1 (30, 30), V2(32, 32),
V3(36,36)...V40(50, 59). This would amount to approximately 76, 000
half-words, or 38,000 full words of four bytes each. .
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28300 BRARS PROGRAM =TABKSS

PRCGRAM FOR CALCULATING THF KEINEL FUNCTION KS(RXe RYe T)
Suans BEBss

COMMON/RNPARM/ALPF « SV oDF LT o NTSSFLDOPT(S5042) oNFPFERDHT
COMMON/STATUS/AT +BT s TIMF oSTATE (S043) «KERNEL :50450)
COMAON/CNSTAN/PL «P12+MACCYFACTOR
COMMON/PRIPUN/ IR » IWsNOPRT

COMMON /SAVE/ R(&)e SI(&)s QF (4)e NORDRIG)

COMMON /LIMIT/ AXUs ALPHA, 3REAK, ALZ

REAL®E Pls 024+ ANS(20}
REAL®4 KERNELLENGTH

DIMENSION RX(S0)e RY(30)e TMS(30)s 2(6+2)

DIMZNSION SOLN(6S)e FRR(A5)s FSI(65}

CALL ERRSET (208+999¢~i+1)
Pl = 3.1415926535398

p12 = ,S#9}
MACCY=0b

FACTOR = 2,
NOPRT = =}
S§T=0.5

ALPP = 314159
HT=1.

ALPHA = Pl2/4LPP
AL2 = +2S5/7(ALPHA®e2)
BREAK =1.%

XC = 4,

YC = 2.5

IACY =)

ERR = ,05

CALL PREP

VARIABLES DEFINITION,.,

ST=BEAM/LENGTH RATIO -

ALPP = PI1/(2.%ALPHA) s WHERE ALPHA IS NON-DIMENSIONAL + I.F. (LARRY
DOCTOR?S ALPHA)®A o WHERE A= HALF-LENGTH OF CeafFT.
RSe ALPHA:G ®A

HT = DEPTH OF HALF-LENGTH RATIO,

ERR = ERROR ALLOWED IN THE K-INTEGRAL

TMS = TIME = NON-DIMENSIONAL TIME VALUEs PRZSENT= 0,

ACTUAL TIME INTERVAL ® SQRT(G/A)

RX = X-COCRDINATE OF FIELD POINT

RY = Y=-COORDINATE OF FIELD POT%T .

IACY IS A PARAMETER CONTROLLING ACCUARCY OF THE CALCULATIONS.

IaCY=1e FOR ROUGH CALC.

IACY=2 FOR GOOD ACCURACY,

READ IN ARRAY OF FIELD POINTS
READ (S5¢1001) NT, (TMS{K)s K=14NT)
READ(S+1001) NXs (RX{I)e I=1-NX)
READ(5¢1001) NYs» (RY(i)e I=1eNY}
READ IN ACCURACY CONTROL SIGNAL
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READ (Se 1033) IaCY
1001 FORMAT (IS5/(F10.6))
1002 FORMAT (F10,4)
1033 FORMAY { IS)

C CALCULATE APPROX. UPPER aAX- LIMIT FQQ GIVEM ERR,
CALL FINDKO (AKU+ ERRs ALPHA )}

DO 100 K=1, NT

TIME = TMS(X)

RD2 = HT*TIMERS2 3,1
RD = SGRT(RD2)

C PUNCH QUT GRID SYSTEM FOR RECORD.
WRITE (601012) TIME s (RX(JYe J=1s NX)
1012 FORMAT {(1HO. v NON-DIMENSIONALIZED TIME VALUE =*s F10.5 ¢ /o
1 1Xe *RX(AT) =143Xe SF12.4 /7( 12Xy9F12.4))
WRITE (7s 1013) TIME
1013 FORMAT ( * KERNEL-TABLE FOR TIME =v, F10,5 }
WRITE (7+1015) NXe { RX(I)e I=1s NX) -
1015 FORMAT ( *RX GRIDs NO., OF GRID POINTSe NX=% 4+ IS /i8F10.5})
= WRITE (7.1016) NYe { RY(J)e J=1e¢ NY)
;g 1016 FORMAT ( *RY GRIDe NO, OF GRID POINTSe N7=% , IS /(8F10.5))
WRITE (6+1024)
1024 FORMAT (2Xe * RY=BT*)

E C
DO 300 J=1l4 NY
BT = RY(J)
P(1+2) = BTeST
P{2+¢2) = BT-ST
P(3¢2) = P(142)
Plae2) = P(2¢2)
CALL TIMING( 1JK)
C
DO 200 I=1. NX
AT = RX(DD
P{lsl) = AT+],
Pi{2e1)} = Pile]) N
P{3s1} = AT-1,
Plhel) = P(3e1) i
C i-

C SET-UP CORNER COORIDINATFS,
DO 120 Mzl 4
R(M) = SORT(P(Me1)#824D{M,2)#22) .
Si(M)y = 0, 3'
IF ( ABS(P{Mel)) oGTe 1.E=19 OR. ABS({P(Me¢2)) .GT, 1.E=10 ) =
1SI(M) = ATANZ2(P(Me2)s P(Mel))
120 CONTINUE

C
FRR(I) = SORT (AT®*#2 + RT*2)
IF { FRRUI) +LTe 0.5 ) FRR(I} = 0.5
FSI({]I) = 0.
IF ( ABS(BT} .GTO 1.5-10 0%, ABS{AT) .GT. IQE‘lg ?
1FSI(I) = ATANZ2(BT. AT)
Cc

C CHECK IF GRID-POINT EXCEEDS WAVE-FRONT,
IF ( BT JLEe. YC oAND. AT .GE. (XC+RD})) GO 7O 31n
IF { AT +LE«. XC oAND. BT .GE. (YC+RD)} GO TO 31n
IF (((BT .G6f. YC) AND. (AT .GE. XC}) .AND.

e | 38
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1 (((BT~-YC)®##2 + (AT-XC)®22) ,GT. 202)) GO TO 31n

)

OO0

CALCULATE THE INTEGRAL BY CALLING +INThHXe
VALUE RETURNED IN ARRAY #*SOLN*

CALL INTDKZ2(FRR{T)e SOLN(I)e IACY )

60 T0 200

()

310 SOLN(I) =0.
- 200 KERNEL {I+J)= SOLN(I)

CALL TIMING (TJUL)
SECS = L01®#(IJL-1IK)

C PRINT=-0OUT LOOP,

DO 400 M=1. 10

Ml = (M~1)%Q+]

M2 =M]+8

IF ( M2 .GT., NX} MZ2= NX

IF (M NE, 1) GO YO 420
WRITE (5+1003)RTeMy {SOLNIL) e L=M], M2)

1003 FORNAT (1Xe F7.4¢ 169 9F12.¢ )
WRITE (7+1005)JeMe (SOLN{L)s L=Ml. M2)

1005 FORMAT ( IS. 139 9FB.5)
GO TO «10

haad 420 MRITE (6+1006)M (SOLN(L)y Lz=Ml, M2)

1006 FORMAT (8Xe 16+ SE12.4)
WRITE (7+1007)Me (SOLN(L),s L=Ml, M2)

1007 FORMAT ( 18, SF8.5

4310 IF ( M2 L,EQ., NX) WRITE(6s 1004) SECS
1004 FORMAT ( 1Me, 121X, F8,2 )

IF ( M2 Gf, NX} GO TO 300
400 CONTINULE

3C0 CONTINUE

100 CONTINUE
stopP
END
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SUBROUTINE INTNK2(RRe AdS, XPT)

REAL®8 VK. AKOs ANSle ANS?, AK

REAL®#8 ANS3. ANSSG
COMMON/RNPARM/AL PP « ST oDELToNTSFLDPT{50+7) +NF Do FODGHT

REAL®& KERNEL
COMMON/STATUS/AT«BY ¢ TIME 4 STATE (50+3) +KERNEL (50450)

REAL*8 PI

COMMON/CNSTAN/ Pl «PI2.MACCY FACTOR
COMMON/PRIPUN/ IR INoNOPOT

COMMON /i IMIT/ AXU. ALPHA, BREAKs AL2

REAL®B WiWeZ7+ We 2
COMMON /LAGUER/ ZZ(68), WW(58) s Z(30)e #(30)s KHIGHs X1LOW

DIMENSION AUX(20)+ KOUNT(10)

DIMENSION aNSS(1e)

COMMON /SAVE/RAD(G) s PST(4) +QF (4) «NJRDR (&)
REAL*8 WNING

EXTERNAL WNING

SUBROUTINE FOR ClLCULlTING(lLPHl)*'-Z TIMES THE INTEGRAL OF

K=0, TO XK=INFINITY OF.,.

K*GAMMA®SSIN (GAMMA®T) =Q24( RIJs SITJs K) #® DK
WHERE GAMMA = SORT(K®TANH(K®HT}Y)

RR = DISTANCE OF FIELD POINT FICM CRAFT.S ORIGIN.s

AXU SOMETIMES REPLACES THE IRFINITE UPPER LIMIT.

ANS = VALUE OF K-INTEGRALs R(IeJ) AND SI(I+J} IS TRANSMITTEN

THROUGH THE COMMON BLGCK /SAVE/

REGION OF INTEGRATION IS DIVIDEDO INTO TWC PORTIONS,
DIVISION POINT IS GIVEN BY ®BRIAK®
SET *XPT® EQUAL TO 1 FOR ROUGH CALCULATIONS.
SET #XKPT® EQUAL TO 2 FOR REFINED CALCULATIONS,
N=1
ANS = 0.
AKUP=0,
PERIOD = 2.®*PI/(RR+SQRT(HT)STIME)

GO TO (1+2)e KPY

TIME=T,

BLOCK 1 sss»
1 CONTINUE

REGION LESS THAN BREAK, FREQUENCY= ReSQORT(HT)*TIME
REGION BIGGER THAN BREAX. FREQUENCY = (R+TIME/SORT{ax))

DO 150 L=1.20

AKLO= AKUP

AKUP = AKLO + PERIOD

IF ( AKLO .GE. BREAK )} G0 T2 160

IF ( AKUP .GV, BREAN ) AKUP= BREAXe .00001

KGUNT{11=6

CALL Q66 (AKLO» AXKUP+ UNINGe ANSS{1))

ANS = ANS+ anNSS{l)

IF { NOPRT (NE. 1) G2 TD 150

WRITE {6+ 1002) L+ AXLD. PERIOD. ANSS{1)
1002 FORMAY ( 120, ZFIS.b' Fl12.% )

150 CONTINUE
SC 10 161
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AKUS= BREAKX
8NS = J.
DO S0 L=1l. 65
AKLD = AKUP
PERIOD= 2.*PI/(RR+TIMF/SORT (AKLNY)
AKUP= AKLO+PERIOD
IF ( AXLO .GE, AXU) GO TO 60
IF { AKUR .GT. AXU ) AKUP = aKU+ .930001

XOUNTI(1) = &
CALL QG4 (AKLGe AXKUPs WNINGe ANSS{(2))
BNS = BNS + ANSS({2)

IF { NOPRT .NE. 1) GO TO S50
WRITE (6+ 1002) L, AXLO, PERION. ANSS(2)
CONTINUE
ANS = AL2%(ANS+BNS)
RETURN

BLOCK 23sess
2 CONTINUE

D0 350 L=1.20

AKLO= AKUP

AKUP = AKLO + PERIOD

IF ( AKLO .GE. BREAK ) GO TI 36C

IF { AKUP .GT. BREAK )} aAXUP= BREAK+ .00001
KOUNT (1} =10 ’

CALL QG110 (AKLO+« AXUP. WNINGes ANSS(1))}
ANS = ANSe ANSS(D)

IF ( NOPRT ,NE. 1 ) GO TO 350

MRITE (6+ 1002) Ls» AXLO, PERIODe ANSS(])

350 CONTINUE

66 YO 361

360 AKUP = BREAKXK
361 BNS =(.

DC €50 L=1. 65
AKLO = AKUP

PERIOD= 2.%PI/(RR+TIME/SORT (AKLO))
AKUP= AKLO+PERTOD

IF ( AKLO .GE. AXU) GO TO 460

IF ( AXUP ,CT. AXU ) AXUP = AKUe 00001

KOUNT(Y) = 7
CALL QG7{AXLO+ AKUPs WNTNGs ANSS(2))
BNS = BNS + ANSS(2)

IF ( NOPRT .NE, 1) GO 7O 4590
WRITE (6+ 1002) Ls AKLO, PERIOD~ ANSS(2)

450 CONTINUE
450 ANS = ALZ2®{ANS*BNSY

C
O3
&7
° Cc
Cc
C
Cc
Cc
C
c
C
C

RETURN
EnND
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SUBROUTINE FINDKO (AKU« ERe ALPHA)
C DETERMINE THE APPROX, UPPER LIMIT FOR THE INTEGRATION WITH RFSPECT TO K

C VALUE RETURNED THRU AKU.
E = ER/( SQRT(ALPHA)#,5079491)

AKU = S,
DAK = 0,5
DO 10 I=1,30

IF (( SQRT(AKU) *EXP(-AKU)) oLE. E} GO TO 30

10 AKU = AKU+DAK

30 AKU = AKU®,636620%ALPHA
€ AKU IS K=SUB. 0.
< WRITE (6¢1001) ER+ AKU
3 1001 FORMAT ( 90 ER='y E10.3s
3 RE TURN
’ END

¢t AKU='vy F10.3 }

102
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FUNCTION WNING( AA )

EVALUATES THE INTEGRAND OF THE K~INTEGRAL«

NOTE.. THE INPUT= FARAMETERS AREe.. ARy VIME, ALPHAs HT» AND

R(4) AND SI(4) IN SAVE,

REAL*¢ KERNEL
REAL*8 Q24
COMHON/RNPARM/ALDPQSToDELT9VTS.FL0PT(5092)oNFPvERD'HT
COMMON/STATUS/AT +8T 2 TIME,STATE (5043) +KERNEL (504501
COMMON /SAVE/RAD (4}« PSI (&) ¢<QF (&) yNORDR{&)
GAMMA = SQRT(AA*TANH(AA®HT))
WNING = AA®GAMMA® SIN( GAMMA#TIME) # Q24(AAs ALPP)

NOTE THAT Q24 TAKES REAL*4 ARGUMENTS.
RETURN
END
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THE THETA-INTEGRAL ROUTINE PACKAGE, Q 24. Documentation is
provided here for a package of subroutines that calculates the theta-integral,
Q(k,R,¥). The mathematical basis behind the evaluation of this integral
has already been given in the second section of this appendix. Consider
equations (136) and (145) and we define:

o 2
4k, R ,R ,a') = - ' ..)8i ¥ » 3) .
Q40 R,R , a") ZL .5, Ca®) [12 ZiIZ“ (R, Jsin (20 ¥,)] (153)
where
C (k" = 4 r? siz 2nf_d.€ k' #0 (154)
n A sh(k'cos8) sh(k'sing) °
) 42 g2 112
Ry, IRV + R -ur? (155)
; }i =1,2
R_-(-) .
v, - tan ol i=1,2 (156)
] X
k! = a‘kl (157)

and o' = m/2q. Equations (153 - 157) have aiready been given eariier.
Here then are repeated for the sake of completeness. Note that Q24 when :
multiplied by k7+8inY t, as can be seen from (136), i